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Preface

National Ambient Air Quality Standards (NAAQS) are promulgated by the United States
Environmental Protection Agency (U.S. EPA) to meet requirements set forth in Sections 108 and
109 of the U.S. Clean Air Act (CAA). Sections 108 and 109 require the EPA Administrator:

(1) to list widespread air pollutants that may reasonably be expected to endanger public health or
welfare; (2) to issue air quality criteria for them which assess the latest available scientific
information on nature and effects of ambient exposure to them; (3) to set “primary” NAAQS to
protect human health with adequate margin of safety and to set “secondary” NAAQS to protect
against welfare effects (e.g., effects on vegetation, ecosystems, visibility, climate, manmade
materials, etc); and (5) to periodically (every 5-yrs) review and revise, as appropriate, the criteria
and NAAQS for a given listed pollutant or class of pollutants.

The original U.S. NAAQS for particulate matter (PM), issued in 1971 as “total suspended
particulate” (TSP) standards, were revised in 1987 to focus on protecting against human health
effects associated with exposure to ambient PM less than 10 microns (< 10 um) that are capable
of being deposited in thoracic (tracheobronchial and alveolar) portions of the lower respiratory
tract. Later periodic reevaluation of newly available scientific information, as presented in the
last previous version of this “Air Quality Criteria for Particulate Matter” document published in
1996, provided key scientific bases for PM NAAQS decisions published in July 1997. More
specifically, the PM,, NAAQS set in 1987 (150 pg/m’, 24-h; 50 ug/m’, annual ave.) were
retained in modified form and new standards (65 pg/m’, 24-h; 15 pg/m’, annual ave.) for
particles < 2.5 um (PM, ;) were promulgated in July 1997.

This First External Review Draft of revised Air Quality Criteria for Particulate Matter
assesses new scientific information that has become available since early 1996 through mid-
1999. Extensive additional pertinent information is expected to be published during the next 6 to
9 months (including results from a vastly expanded U.S. EPA PM Research program and from
other Federal and State Agencies, as well as other partners in the general scientific community)
and, as such, the findings and conclusions presented in this draft document must be considered
only provisional at this time. The present draft is being released for public comment and review

by the Clean Air Scientific Advisory Committee (CASAC) mainly to obtain comments on the
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organization and structure of the document, the issues addressed, and the approaches employed
in assessing and interpreting the thus far available new information on PM exposures and effects.
Public comments and CASAC review recommendations will be taken into account, along with
newly available information published or accepted for peer-reviewed publication by April/May
2000, in making further revisions to this document for incorporation into a Second External
Review Draft. That draft is expected to be released in June 2000 for further public comment and
CASAC review (September 2000) in time for final revisions to be completed by December
2000). Evaluations contained in the present document will be drawn upon to provide inputs to
associated PM Staff Paper analyses prepared by EPA’s Office of Air Quality Planning and
Standards (OAQPS) to pose options for consideration by the EPA Administrator with regard to
proposal and, ultimately, promulgation by July 2000 of decisions on potential retention or
revision of the current PM NAAQS.

This document was prepared and reviewed by experts from Federal and State government
agencies, academia, industry, and NGO’s for use by EPA in support of decision making on
potential public health and environmental risks of ambient PM. It describes the nature, sources,
distribution, measurement, and concentrations of PM in both the outdoor (ambient) and indoor
environments and evaluates the latest data on the health effects in exposed human populations, as
well as environmental effects on: vegetation and ecosystems; visibility and climate; manmade
materials; and associated economic impacts. Although not intended to be an exhaustive literature
review, this document is intended to assess all pertinent literature through mid-1999.

The National Center for Environmental Assessment — Research Triangle Park, NC
(NCEA-RTP) acknowledges the contributions provided by authors, contributors, and reviewers

and the diligence of its staff and contractors in the preparation of this document.
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6. EPIDEMIOLOGY OF HUMAN HEALTH EFFECTS
FROM AMBIENT PARTICULATE MATTER

6.1 INTRODUCTION

Epidemiology studies linking community ambient PM concentrations to adverse health
effects played an important role in the 1996 PM Air Quality Criteria Document (PM AQCD), and
continue to play an important role. Those studies are indicative of measurable excesses in
pulmonary function decrements, respiratory symptoms, hospital and emergency department
admissions, and mortality being associated with ambient levels of PM, , PM,,, and other
indicators of PM exposure. The more recent epidemiologic studies reviewed in this chapter
generally identify more cities and extend the earlier findings. Therefore, the main emphasis in
this chapter has shifted from a detailed discussion of the findings in the individual studies (as
contained in the 1996 PM AQCD) to a greater emphasis here on integrating and interpreting the
findings in the body of evidence provided by the newer studies, as well as those reviewed in
1996.

Several hypotheses may be proposed, based on the earlier evidence:

Hypothesis 0: Exposure to ambient PM at current levels cannot cause adverse health
effects in susceptible sub-populations, even in the presence of other environmental factors such
as weather conditions or the presence of other air pollutants;

Hypothesis 1: Exposure to ambient PM or some component at current levels is associated
with adverse health effects in some susceptible sub-population.

Hypothesis 1 has many alternative forms. Those of greatest interest in this chapter concern
the circumstances under which the adverse health effects may be manifested, typically the
occurrence of adverse health effects in association with either a specific form or component of
ambient PM, or with specific environmental co-factors (such as weather or co-pollutants) along
with PM exposure. These circumstances can markedly affect the approaches taken to the
synthesis of epidemiology studies from different sites. Table 6-1 illustrates several of the

possible variants of Hypothesis 1:
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TABLE 6-1. ALTERNATIVE VERSIONS OF HYPOTHESIS 1 THAT MAY
AFFECT THE SYNTHESIS OF EPIDEMIOLOGY STUDIES

Adverse Health Effects Adverse Health Effects
Depend Only on Ambient Depend on Ambient PM
PM, Independent of Concentrations as Well as
Alternative Hypotheses Co-Factors Co-Factors
Adverse Health Effects Adverse health effects from Adverse health effects from
Depend Only on Ambient ambient PM at a given PM are different in sites
PM Size Range and concentration are the same in ~ where PM has different
Concentration all sites with the same PM co-factors with the same PM
size range size range and concentration.
Adverse Health Effects Adverse health effects from Adverse health effects from
Depend on PM With Specific PM are different at sites PM are different in sites
Physical Properties or where PM has different where PM has different
Composition, and on physical properties or physical properties,
Concentration composition with the same composition, or co-factors,
PM size range and even at the same PM size
concentration. range concentrations.

If row 1, column 1 in Table 6-1 occurs, it is feasible to combine information from all
epidemiology studies of a common design concerning a specific health effect of PM at all sites.
The estimated PM effect depends only on the size range in the study, and is assumed to be
independent of the PM chemical components or physical characteristics within that size range,
and independent of the levels of co-pollutants or the occurrence of certain weather variable
ranges with which the PM levels are associated. The implicit assumption of a single
quantitatively similar effect of PM of any composition at all sites appears to be present in a
number of published research syntheses or meta-analyses. This is important in evaluating the
consistency of the quantitative effects (concentration-response) across different studies or
different sites. While some studies may show a positive and statistically significant adverse
health effect of the PM index being evaluated, others may show statistically non-significant
effects. The different findings may suggest a substantive reason for grouping sites by PM
components or by environmental co-factors. Statistically positive or non-positive PM health

effects may be attributable to the presence or absence of a particular PM component, or to the
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presence or absence of a specific environmental co-factor, and may help to define a quantitative
relationship to the component or the environmental co-factor.

If row 1, column 2 applies, then it may be informative to group sites with some
commonality, such as the presence of significant specific sources, specific mixtures of
co-pollutants, common weather patterns, or even common demographic factors that affect
exposure and toxicity. Examples referred to below include location (‘eastern’ U.S. versus
‘western’ U.S., ‘central-eastern Europe’ versus ‘western’ Europe) and source types (gasoline
combustion mobile sources, diesel combustion sources, fossil fuel power plants, metal smelters
or factories, crustal particles, sea salt particles, other organic particle sources, biotoxins, etc.,
as discussed in Chapters 5 and 7).

Row 2 considers the possibility that site-to-site or study-to-study differences in outcome
may depend on properties of the ambient PM itself, independent of or in addition to its mass
concentration. These may include chemical composition (acids, metals, oxidants) or physical
properties (number concentration or surface area) of the PM, or even of gaseous pollutants
adhering to particles. In the row 2, column 2 case, it might only be appropriate to evaluate sites
with common distributions of air pollution, weather, and population.

The epidemiology studies presented here should be regarded in combination with the
ambient concentration studies in Chapter 4, the human exposure studies in Chapter 5, and the
toxicology studies in Chapter 7. The contribution of the epidemiology studies is to identify
whether specific adverse health effects occur in susceptible human populations that are likely to
have been exposed to relevant levels of ambient PM. Chapter 8 provides a more detailed causal
synthesis indicating (a) that personal exposure to ambient PM does occur and (b) that the

biological effects may be similar to those observed in free-living human populations.

Types of Epidemiology Studies Reviewed

A concise definition of the various types of epidemiology studies used here is given in the
1996 PM AQCD (U.S. Environmental Protection Agency, 1996) and in most epidemiology texts;
it is not repeated here. Briefly, the epidemiology studies are divided into morbidity studies and
mortality studies. The morbidity studies include a wide range of health endpoints, such as
changes in pulmonary function tests (PFT), reports of respiratory symptoms, self-medication in

asthmatics, medical visits, low birthweight infants, and hospitalization. Mortality studies from
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many causes have provided the most unambiguous evidence of a clearly adverse endpoint, and
are sufficiently numerous to be discussed in detail.

The most commonly used study designs are cross-sectional, panel, time series, and
prospective cohort studies. Cross-sectional studies evaluate subjects at a ‘point’ in time, where
measurements of health status, pollution exposure, and individual covariates are observed
simultaneously. When summary statistics are used to compare either health outcomes or
exposure indices for different populations, the study is called an ecological or semi-ecological
study. Panel studies follow the health outcomes of the same individuals over several time points.
Prospective cohort studies follow a group of initially recruited individuals over a long period of
time, where some events (such as the date of death of a subject) may be determined individually
with great precision. To contrast these study designs, individuals in a prospective cohort study
may have their vital status monitored over a long period of time, whereas symptoms may be
recorded daily only in the first few months of the study and PFT measurements made initially and
after 3, 6, and 12 years of follow-up (as in the Harvard Six Cities cohort). Time-series studies, as
referred to in this document, usually involve aggregate-level outcomes, such as the daily number
of deaths in a community, or the daily count of hospital admissions or emergency department
visits, over a large number of days. Time-series studies require different analytical strategies
than the other study designs. A few recent analyses have examined case-control designs.

Studies with individual-level outcome data, covariates, and PM exposure indices would be
preferred, whatever the design. Individual-level exposure data are the most commonly missing
component. Community-level air pollution concentrations are usually substituted as surrogate
indices of population exposures, and the evidence presented in Chapter 5 suggests that exposure
to PM,, and PM,  of ambient origin, and to sulfates, is adequately characterized by
community-level measurements. Substantial efforts to develop individual long-term exposure
indices for a prospective cohort study have been reported by Abbey et al. (1991, 1995, 1999;
Beeson et al., 1998) for the California Adventist Health Study of Smog (AHSMOG).

The strengths and weaknesses of the study designs have been discussed in some detail in
(U.S. Environmental Protection Agency, 1996). In general, prospective cohort and panel studies
would be preferred because of the individual-level information. However, time series studies

allow valid inferences about short-term responses to changes in environmental factors in exposed
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populations, and are considered very informative, provided that the environmental factors (such

as co-pollutants) are not too highly correlated with the PM exposure index.

Selection of Studies for Detailed Review

Numerous papers on PM epidemiology have been published since the 1996 PM AQCD.

Those papers selected here as being most clearly relevant to this NAAQS review are described in

greater detail in the text of this chapter, and the others are included in tables where appropriate.

Some of the criteria for selecting relevant literature for text discussion include consideration as to

whether a given study:

1.

A

6.

Presents PM indices previously considered: PM,,, fine or coarse PM,, fractions;
Presents analyses with informative new PM indices such as nitrates or ultrafines;
Presents information on health endpoints not previously considered;

Presents new information on multiple pollutant analyses;

Presents new information on long-term effects, mortality displacement;

Presents new information on health effects of specific PM constituents.

The present chapter is organized as follows. After this brief introduction, Section 6.2

examines the case for causal inference based on studies of morbidity as a health endpoint.

Section 6.3 examines the case for causal inference based on studies of PM effects on mortality,

the most clearly adverse effect. Section 6.4 discusses a variety of issues related to the inferences

that can be drawn from the studies reviewed in Sections 6.2 and 6.3. Section 6.5 briefly reviews

some of the general and methodological issues in inferring causal relationships from the large

number of epidemiology studies reviewed here. The overall findings of this Chapter are then

summarized in Section 6.6.

6.2 MORBIDITY EFFECTS OF PARTICULATE MATTER EXPOSURE

This morbidity section is presented in sub sections, dealing with: (a) short-term PM

exposure effects on lung function and respiratory symptoms in asthmatics and non-asthmatics;

(b) long-term PM exposure effects on lung function and respiratory symptoms; (c) effects of

short-term PM exposure on the incidence of respiratory and other medical visits and hospital

admissions, and (d) effects of ambient PM exposure on acute cardiovascular morbidity.
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For consistency with the prior PM Criteria Document (U.S. Environmental Protection Agency,
1996), the pollutant increments utilized here to report Relative Risks (RR’s) or Odds Ratios for
various health effects are: for PM,,, 50 ng/m’; for PM, s, 25 ug/m’; for SO,~, 155 nmoles/m’
(=15 ug/m?); and, for H', 75 nmoles/m® (=3.6 ug/m’, if as H,SO,).

6.2.1 Short Term Effects on Lung Function and Respiratory Symptoms

In the 1996 PM AQCD, the available respiratory disease studies used a wide variety of
designs examining pulmonary function and respiratory symptoms in relation to PM,,. The
models for analysis varied and the populations included several different subgroups. Pulmonary
function studies were suggestive of short term effects resulting from particulate exposure. Peak
expiratory flow rates showed decreases in the range of 2 to 5 I/min resulting from an increase of
50 ug/m® in PM,, or its equivalent, with somewhat larger effects in symptomatic groups such as
asthmatics. Studies using FEV, or FVC as endpoints showed less consistent effects. The chronic
pulmonary function studies were less numerous than the acute studies and the results were
inconclusive.

The available acute respiratory symptom studies included several different endpoints, but
typically presented results for: (1) upper respiratory symptoms, (2) lower respiratory symptoms,
or (3) cough. These three respiratory symptom endpoints had similar general patterns of results.
The odds ratios were generally positive, the 95% confidence intervals for about half of the
studies were statistically significant (i.e., the lower bound exceeded 1.0). As part of the Six
Cities studies, three analyses done for different time periods suggested a chronic effect of PM
exposure on respiratory disease. Chronic cough, chest illness, and bronchitis showed positive
associations with PM for the earlier surveys. One study was strongly suggestive of an effect on
bronchitis from acidic particles or from other PM.

The earlier studies of morbidity health outcomes of PM,, exposure on asthmatics were
limited in terms of conclusions that could be drawn because of the few available studies on
asthmatic subjects. Lebowitz et al. (1987) reported a relationship with TSP exposure and
productive cough in a panel of 22 asthmatics but not for peak flow or wheeze. Pope et al. (1991)
studied respiratory symptoms in two panels of asthmatics in the Utah Valley. The 34 asthmatic
school children panel yielded estimated odd ratios of 1.28 (1.06, 1.56) for lower respiratory
illness and the second panel of 21 subjects aged 8 to 72 for LRI of 1.01 (0.81, 1.27) for exposure
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to PM,,. Ostro et al. (1991) reported no association for PM, ; exposure in a panel of 207 adult
asthmatics in Denver; but, for a panel of 83 asthmatic children age 7 to 12 in central

Los Angeles, reported a relationship of shortness of breath to O, and PM,, but could not separate
the effect of the two pollutants. These few studies did not indicate a consistent relationship for
PM,, exposure and health outcome in asthmatics.

Several new studies of short term PM exposure effects on lung function and respiratory
symptoms have been published since early 1996. Most of these studies followed a panel of
subjects over one or more periods. Daily lung function and/or respiratory symptoms were
associated with changes in ambient PM,, and/or PM, ;. Lung function was usually measured
daily with many studies including forced expiratory volume (FEV), forced vital capacity (FVC)
and peak expiratory flow rate (PEF). Some analyses included both morning and afternoon
measurements. A large variety of respiratory symptoms were measured, including cough,
phlegm, difficulty breathing, wheeze, and bronchodilator use. Finally, several measures of
particulate matter were used including PM,,, PM, s, TSP, British Smoke (BS), and sulfate
fraction of ambient PM.

These various studies are discussed in the following text and tables. Studies providing
quantitative information can often add more understanding of possible relationships between PM
exposure and health outcomes. Data on physical and chemical aspects of ambient particulate
levels, especially for PM,, and PM, s and smaller size fractions are a focus of discussion.
Additionally, new studies are discussed that present potential new insights or that examine health
outcome effects and/or exposure measures not studied as much in the past.

This section is organized around discussion of PM effects on lung function, respiratory
symptoms, and related pulmonary outcomes. The acute studies are split into two groups: panels
of asthmatics and panels of non-asthmatics. The lung function studies are not split from the
respiratory symptom studies because many of the studies included both endpoints. To facilitate a
quantitative synthesis of outcomes, studies are placed into homogeneous groupings and their
results are presented as shown. Note that some unique study results need to be discussed in that
they may examine an aspect which no other study has, such as number of particles or 1-h and 8-h
PM averages.

The following section contains a quantitative synthesis of several studies. The combination

of differing endpoints and differing lag-times in the analyses resulted in a large number of
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potential analyses for each study. Authors may have tended to choose and report results for those

models that gave the strongest effects. In an attempt to present these studies in an organized

manner, specific analyses were selected based on the following criteria (which also may
minimize potential bias of reported results):

(1) Peak flow was used as the primary lung function measurement of interest. While FEV,
would be a good measure, peak flow is most often measured in these panel studies.

(2) Only cough, phlegm, difficulty breathing, wheeze, and bronchodilator use were summarized
as measures of respiratory symptoms.

(3) Summaries focused on those studies presenting results in terms of PM,, and PM, 5 and
smaller PM.

(4) The analyses were also restricted to include a short term lag (zero or one day) a longer term
lag (two to five day), and a moving average analysis. If both zero and one day lag analyses
were presented, the zero day lag analysis was selected for all but the AM peak flow
measurements, and here for longer term lags, the measure which came closest to being an
average of two to five days was selected.

(5) Studies were included only if they modeled individual responses. A few studies modeled
group rates and this flaw is also known as the “panel data problem” (Neuhaus and
Kalbfleisch, 1998).

Whenever three or more studies of a similar endpoint were available, the results were
combined using a random effects model (Hedges and Olkin, 1985). Tests for homogeneity are
also reported.

A few of the analyses included more than one pollutant in the model at the same time.
However, while the number of such studies was too small to allow for any meaningful
conclusions, these results are discussed due to the importance of considering co-pollutants. The

summary from this section reflects the above organization.

6.2.1.1 Short Term Effects on Lung Function and Respiratory Symptoms In Asthmatics
Ostro et al. (1995) followed 87 African-American children, ages 7-12 years with confirmed

asthma for at least 6 weeks. Four subjects were dropped because of concerns about the accuracy

of responses, leaving 83 subjects. Most subjects lived in central and south-central Los Angeles,

CA. Analyses were done using “daily reporting of respiratory symptoms including cough,
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shortness of breath, and wheeze” as the dependent variables and the pollutants of TSP, sulfates,
nitrates, ozone, SO,, NO,, and PM, as the independent variables. PM,, from 3 downtown LA
sites had a mean of 56 ug/m® (range 19 to 101 ug/m?). General logistic regression models were
used with generalized estimating equation (GEE) corrections for autocorrelation. Significant
relationships were found between shortness of breath and PM,, or ozone, with symptoms
estimated to increase about 9% per each 10 ug/m’ increase in PM,,. The authors examined other
symptoms and found no significant associations, but results were not reported.

Peters et al. (1997a) studied 89 children, aged 6 to 14 years, with asthma in Sokolov, Czech
Republic. The subjects kept diaries and measured peak flow for seven months during the winter
of 1991-92. Aerometric measurements included PM,,, SO,, TSP, sulfate, and particle strong
acidity. PM,, was measured at one central site, with a mean of 55 ©g/m’ and a max of
171 pug/m®. The analysis was done using linear regression for the pulmonary function data and
logistic regression for binary outcomes. First order autocorrelations were observed and corrected
for using polynomial distributed lag structures. Only weak associations were reported between
the measures of particulate pollution and lung function or respiratory symptoms. Although the
magnitudes of effect were still weak, there were associations for both morning and evening PEF.
This was a wintertime study in an area with relatively high SO, (median 46 ©g/m’) and so, not
unexpectedly, in comparison to PM,,, sulfate effects on PEF and symptoms were similar and
slightly larger for some models.

In a further analysis, Peters et al. (1997b) compared children with mild asthma who were
either taking -agonist medications (31 subjects) or not taking them (51 subjects) during the
winter of 1991-92 in Sokolov, Czech Republic. Those taking such medications had more severe
asthma than those not taking them. For the relationship between PEF and 5-day mean sulfate
(interquartile range of 6.5 ng/m?), effects were larger for the medicated subjects (-5.62, 95% CI
—9.93 to —1.30 L/min) as compared with unmedicated subjects (—1.35, 95% CI -3.69 to
0.99 L/min). Effects of the same day sulfate were small and non significant.

Gielen et al. (1997) studied 61 children aged, 7 to 13 years, living in Amsterdam, The
Netherlands during the summer of 1995. Seventy-seven percent of the children were taking
asthma medication and the others were hospitalized for respiratory problems. Peak flow
measurements were taken twice daily and respiratory symptoms were recorded by the parents in a

diary. PM,, was measured at one city site with a mean of 30.5 yg/m’. Associations of air
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pollution were evaluated using time series analyses. The analyses adjusted for pollen counts,
time trend, and day of week. The studies found relationships with ozone and PM,,. Stronger
associations were found for black smoke (BS) than for PM,,, in relation to PEF, symptoms and
bronchodilator use. The authors hypothesized that BS may be a better surrogate for fine particles
emitted by diesel engines or for other chemicals that may be the causal components in PM.

Romieu et al. (1997) studied 65 children with mild asthma aged 5-13 years living in the
southwest area of Mexico City, Mexico. During the study period, maximum daily 1-h ozone
ranged from 40 to 390 ppb (mean 196 ppb SD = 78 ppb) and PM,, daily average ranged from
12 to 126 pg/m’ (X ='54.2 ug/m?). Pollutant measurement were made at a local site. Morning
and evening peak flow measurements were made and respiratory symptoms were recorded by the
parents in a daily diary. Peak flow measurements were standardized for each person and a model
was fitted using GEE methods. The model included terms for minimum temperature.

An autoregressive logistic regression model using GEE methods was used to analyze the
presence of respiratory symptoms. The strongest relationships were found between ozone and
the respiratory symptoms.

Peters et al. (1996) studied two mild/moderate asthma panels in Erfurt and Weiman,
Germany and in Sokolov, Czech Republic from September 1990 thru June 1992 for health
outcomes in relation to pollutant exposure. During that period, TSP was measured at 3 central
sites. From January 10 through June 1992, PM,, was also measured. The panels consisted of
102 adults and 155 children aged 7 to 15 years. Mean levels of PM,, in Erfurt, for the winter
1991-92 was 64 ug/m’. The panelists recorded daily symptom, medication intake and PEF.

A linear regression analysis was conducted. The dominate air pollutant was SO,. An increase of
52 ug/m’ PM,, was associated with a 0.43% decrease in evening PEF for children with asthma.
Because of the small observed effects and the pollutants being highly correlated, separation of
contributions of individual air pollutants was difficult.

Three studies attempted to relate lung function or respiratory symptoms to particles smaller
than PM, ;. Peters et al. (1997¢) studied 27 non-smoking adult asthmatics living in Erfurt,
Germany during the winter season 1991-92. The study measured particulate fractions over a
range of sizes from ultrafine (<0.1 ym in diameter) to fine (0.1 to 2.5 xm), including PM,, at one
site. A 5-day mean level of 60 ug/m® PM,, was observed. Morning and evening peak flow were

measured and a diary was used to record the presence of cough. An autoregressive model was
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used to analyze the deviations in the individual peak flow values. The model included terms for
time trend, temperature, humidity, and wind speed and direction. The strongest effects on peak
flow were found with the ultrafine particles although the confidence intervals were significantly
overlapping. The symptom information was analyzed using multiple logistic regression analysis.
The authors reported no association between PM and phlegm or dyspnea, but estimates and
standard errors were not given. The Peters et al. (1997c¢) study is unique for two reasons:

(1) they studied the size distribution of particles in the range 0.01 to 2.5 um, and (2) they
examined the number of particles. They report that the health effects of 5 day means of the
number of ultrafine particles were larger than those of the mass of fine particles, and that the size
distribution of ambient particles helps elucidate the properties of ambient aerosol responses for
health effects.

Pekkanen et al. (1997) studied 39 asthmatic children, aged 7-12 years, living in Kuopio,
Finland for 57 days in early 1994. Changes in peak flow measurements were analyzed using a
linear first-order autoregressive model. The study measured particulate fractions at a local site
over a range of sizes from ultrafine to fine, including PM,,. Particulate measurements included
both particles <0.03 x«m in diameter, 0.03 to 0.1, 0.1 to 0.32, and 0.32 to 1.0 um in diameter.
The number of particles was also determined by size. The mean PM,, level was 18 pg/m’.
Decrements in peak flow were found to be related with all measures of particulate matter after
adjusting for minimum temperature. The results were quite variable across zero to 3 day lags,
showing no particular pattern across size. Results for two day lags tended to be larger than other
lags. Similar results were found for evening PEFR except that the one day lags tended to show a
stronger relationship. In contrast to the findings of Peters et al. (1997¢) discussed above, PM,,
was more consistently associated with PEF across the different lags, and gave the only models
that were statistically significant (with the exception of BS). The authors note that the different
particle size fractions were highly intercorrelated and that future studies should aim at obtaining
data where these intercorrelations are lower.

Timonen and Pekkanen (1997) studied 74 asthmatic children and 95 children with dry
cough ages 7-12 in Kuopio, Finland, during the winter of 1994. PM,, levels were a mean of
18 ug/m’®, 25 to 75 percentile, 10-23 ug/m’. Linear regression analyses with autoregressive

parameters for PEF data and logistic regression models for binary symptom data were performed.
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A significant association for morning PEF and PM,, was found, but not for evening PEF.
No clear or consistent trends in association between air pollution and symptoms was observed.

Tiittanen et al. (1999) studied 49 children with chronic respiratory symptoms (age
8-13 years) for six weeks in the spring of 1995. Particulate measurements included both ultrafine
particles (<0.1 um in diameter) and fine particles (0.1 to 1.0 xm in diameter). No consistent
differences in effects by particle diameter on morning and evening PEFR were found. Similarly,
no consistent differences in effects by particle diameter on the incidence of cough were found.

Delfino et al. (1998) examined the relationship of adverse asthma symptoms (bothersome
or interfered with daily activities or sleep) to O, and PM,, in a southern California community in
the air inversion zone (1200-2100 ft) with high O, and low PM (R = 0.3). The region was
initially chosen for study to examine effects of high ambient O, with less co-pollutant
confounding from PM. A panel of 25 asthmatics ages 9-17 were followed daily, August through
October, 1995 (N=1,759 person-days excluding 1 subject without symptoms). The highest
24-hour PM,, mean was only 54 yg/m’, in contrast to the median of 1-hr maximums (56 ug/m?).
Longitudinal regression analyses utilized the GEE model controlling for autocorrelation, day of
week, outdoor fungi and weather. Asthma symptoms were significantly associated with both
outdoor O, and PM,, in single pollutant- and co-regressions, with 1-hr and 8-hr maximum PM,,
having larger effects than the 24-hr mean. This aspect of this study reporting particle effects
from 1-hr and 8-hr maximum PM,, as compared with the standard metric of 24-hr means makes
these results unique. The author notes that particle effects may be determined by factors not
entirely dependent on mass and/or 24-hr averages and thus may miss important short-term
excursions, during peak exposure periods.

Vedal et al. (1998) studied 206 children (aged 6 to 13 years) living in Port Alberni, BC.
The authors chose this town of 30,000 on Vancouver Island to maximize the spatial relationship
of a central air monitor to subject activities and to minimize the influence of co-pollutants such
as ozone, SO, or acid aerosol, which were low in the region. PM,, levels ranged from 0.2 to
159.0 ug/m® (median 22.1 ug/m?). Major sources of PM in the region were a pulp and paper
mill, and residential wood burning. Seventy-five children had physician-diagnosed asthma,
57 had an exercise-induced fall in FEV,, 18 children with airway obstruction, and 56 children
without any symptoms. Peak flow was measured twice daily and respiratory symptom data were

obtained from diaries. An autoregressive model was fitted to the data using GEE methods.
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Covariates included temperature, humidity, and precipitation. In general, PM,, was associated
with changes in both peak flow and respiratory symptoms. The objective of the study was to
compare the acute effects of inhalable particles on PEF and respiratory symptoms in asthmatic
versus nonasthmatic children. Even though levels of PM,, were low (only 1.2% of days

> 100 wg/m?), PEF was inversely, and cough positively, associated with PM,, among children
with diagnosed asthma, but not among the other groups of children.

Segala et al. (1998) studied children, aged 7-15 years, living in Paris, France. The study
was separated into substudies of 43 mild asthmatics and 43 moderate asthmatics, followed from
November 15, 1992 to May 9, 1993. Peak flow was measured three times a day and respiratory
symptoms and as-needed-bronchodilator use were recorded daily in a diary by parents. The study
measured SO,, NO,, PM,; (instead of PM,,) at four stations, and British smoke. A PM,; mean
level of 34.2 ug/m® was reported with a range of 8.8 to 95.0 ug/m’. Covariates in the model
included temperature and humidity. An autoregressive model was fitted to the data using GEE
methods. There were no significant associations for PM,, and prevalent symptoms in mild
asthmatics. For an increase of 50 ng/m’ the odds ratio for f-agonist inhaler use in moderate
asthmatics ranged from 3 to 5 for PM,, lags 0 to 3 days and all were statistically significant.

A subpopulation analysis of the 21 mild asthmatic subjects not taking regularly scheduled
corticosteroids or B-agonists showed a significant effect of lag 4 PM,; on 2-transformed morning
PEF. Effects were less related to PM,, than those found related to the other pollutants. Only
selected results from selected panels were given.

Neukirch et al. (1998) studied the effect of particulate air pollution on 40 non-smoking
mild to moderate adult asthmatics in Paris. The study was conducted from September to
December, 1992, and was analyzed using group rates. Generalized estimating equations were
used to adjust for autocorrelation in the data. The study found some relationships between PM,
and nocturnal cough, shortness of breath, and peak flow. Only selected results were given,
making the study difficult to evaluate.

Romieu et al. (1996) studied 71 children with mild asthma aged 5-7 years living in the
northern area of Mexico City, Mexico. Morning and evening peak flow measurements were
made and respiratory symptoms were recorded by the parents in a daily diary. During the study
period, maximum daily one hour ozone ranged from 40 to 370 ppb (mean 190 ppb,

SD = 80 ppb). The 24 hour average PM,, levels measured at one site ranged from 29 to
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363 ug/m’ (mean 166.8 pg/m?’, SD 72.8 ug/m’). For 53 percent of the study days, PM,, levels
exceeded 150 pug/m’. Peak flow measurements were standardized for each person and a model
was fitted using GEE methods. The model included terms for minimum temperature. Peak flow
was found to be strongly related to PM,,. This greater effect may be due to relatively higher
levels of pollution in Mexico City and the fact that none of the subjects were on medication.

An autoregressive logistic regression model was used to analyze the presence of respiratory
symptoms. An increase of 20 ug/m’ PM,, was related to an 8 percent increase in lower
respiratory illness.

Hiltermann et al. (1998) studied 270 adult asthmatic patients from an out-patient clinic in
Leiden, The Netherlands, during July 3 to October 6, 1995. Peak flow was measured twice daily
and respiratory symptom data were obtained from diaries. An autoregressive model was fitted to
group prevalence of outcomes rather than individual repeated measures. Covariates included
temperature and day of week. PM,,, ozone, and NO, were associated with increases in
respiratory symptoms. During the study, PM,, levels measured at one central site never exceeded
98 1g/m’ (mean 39 ng/m®). Shortness of breath and nocturnal asthma were weakly associated
with PM,,. The results of this paper were not included in the analysis tables presented later
because individual responses were not modeled.

The Pollution Effects on Asthmatic Children in Europe (PEACE) study developed
methodology for assessing the relationship between short-term changes in air pollution and in
acute changes in the health status of children with chronic respiratory symptoms (Roemer et al.,
1998). Children with chronic respiratory symptoms (i.e., a positive answer to one of several
selected questions) were selected into the panels. The symptom with one of the larger selection
percentages was dry cough (range over sample of study communities 29 to 92% [22/75; 84/91]
with most values over 50%). The symptom that would most typify selection of asthmatics was
doctor-diagnosed asthma (2 to 59% [1/63; 43/72] with most about 20%) (Kotesovec et al., 1998;
Clench-Aas et al., 1998; Haluszka et al., 1998; Kalandidi et al., 1998; Forsberg et al., 1998;
Beyer et al., 1998). Thus, while asthmatics were included in the subject pool, the overall panels
by city tended to have a small percent of asthmatics. The group as a whole did not characterize
effects on asthmatics as much as those with chronic respiratory disease, especially cough. The
PEACE study was a multi-center study of PM,,, BS, SO,, and NO, on respiratory health of

children with chronic respiratory symptoms (Roemer et al., 1998). Mean PM,, levels measured
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at locals sites ranged from 11.2 to 98.8 ug/m’ over the 28 sites. Results from individual centers
were reported by Kotesovec et al. (1998), Kalandidi et al. (1998), Haluszka et al. (1998),
Forsberg et al. (1998), Clench-Aas et al. (1998), and Beyer et al. (1998). These studies modeled
group rates and are an example of the panel data problem mentioned earlier.

Roemer et al. (1998, 1999) summarized the results for asthmatic patients in the PEACE
studies. Phlegm was not related to PM,, levels for lags of zero, one or two days. Furthermore,
no relationship was found with the seven day mean. The results for lower respiratory disease
were similar to phlegm.

The above studies are summarized in Tables 6-2 thru 6-13. These tables examine peak
flow, symptoms, and medication use for 50 ug/m* for PM,, and 25 pg/m’ for PM, ;. The tables
are split by zero to one-day lags and two-to 5-day lags. Also included in the tables (except for
those with only 2 studies) are results of meta-analyses of the combined results of all the studies

summarized in a given table, using an Empirical Bayes Model Chi-square for Homogenity.

6-2. EFFECT OF 50 yg/m® PM,, ON EVENING PEAK FLOW (L/MIN)
IN ASTHMATICS LAGGED ZERO OR ONE DAY

Change in Standard 95%

PFR per Error of Confidence
Study Description 50 pug/m? Change Interval
Gielen et al. 61 children aged 7 to 13 years living in -0.30 0.99 -2.24,1.64
(1997) Amsterdam, The Netherlands
Romieu et al. 65 children aged 5-13 years living south of -1.55 2.11 -5.69, 2.59
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, Germany -0.37 0.74 -1.82,1.08
(1997¢)
Pekkanen et al. 39 children aged 7-12 years living in Kuopio, -0.35 2.02 -4.31,3.61
(1997) Finland
Peters et al. 89 children aged 6-14 living in Sokolov, Czech -0.92 0.53 -1.96,0.12
(1997a) Republic
Romieu et al. 71 children aged 5-7 years living north of -2.95 1.52 -5.93,0.03
(1996) Mexico City
COMBINED Meta-analysis using an Empirical Bayes Model -0.82%* 0.38 -1.57,-0.07

Chi-square for homogeneity =2.89,p=.716

*p <0.05
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TABLE 6-2A. EFFECT OF 50 ug/m* PM,, ON MORNING PEAK FLOW (L/MIN)
IN ASTHMATICS LAGGED ZERO OR ONE DAY

95%

Change in PFR Standard Error Confidence
Study Description per 50 ug/m’ of Change Interval
Romieu et al. 65 children aged 5-13 years living south of -0.65 2.37 -5.30, 3.99
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, -1.30%* 0.54 -2.36,-0.24
(1997¢) Germany
Pekkanen et al. 39 children aged 7-12 years living in -2.71 1.97 -6.57, 1.15
(1997) Kuopio, Finland
Peters et al. 89 children aged 6-14 living in Sokolov, -0.84* 0.40 -1.62, -0.06
(1997a) Czech Republic
Timonen and 45 urban children age 7-12 years living in 2.93 2.07 -1.13, 6.99
Pekkanen (1997) Kuopio, Finland
Timonen and 40 suburban children age 7-12 years living -5.55 2.87 -11.18, 0.08
Pekkanen (1997)  near Kuopio, Finland
Romieu et al. 71 children aged 5-7 years living north of -2.95 1.52 -5.93, 0.03
(1996) Mexico City
COMBINED Meta-analysis using an Empirical Bayes -1 1% 0.32 -1.74,-0.48

Model Chi-square for homogeneity = 9.33,
p=.156

*p <0.05
**p < 0.01

TABLE 6-3. EFFECT OF 50 pg/m* PM,, ON EVENING PEAK FLOW (L/MIN)
IN ASTHMATICS LAGGED TWO TO FIVE DAYS

Change in PFR Standard 95% Confidence

Study Description per 50 ug/m? Error Interval

Gielen et al. (1997) 61 children aged 7 to 13 years living in Amsterdam, -2.32 1.55 -5.36,0.72
The Netherlands

Romieu et al. (1997) 65 children aged 5-13 years living south of Mexico -0.04 2.17 -4.29,4.23
City

Peters et al. (1997¢) 27 non-smoking adults living in Erfurt, Germany -2.31% 1.13 -4.53,-0.10

Pekkanen et al. 39 children aged 7-12 years living in Kuopio, Finland 0.14 3.63 -6.98, 7.26

(1997)

Peters et al. (1997a) 89 children aged 6-14 living in Sokolov, Czech -1.34 0.76 -2.83,0.15
Republic

Segala et al. (1998) 21 asthmatic children aged 7-15 years living in Paris, -0.62 0.46 -1.52,0.28
France

Romieu et al. (1996) 71 children aged 5-7 years living north of Mexico City -3.65% 1.81 -7.20,-0.10

COMBINED Meta-analysis using an Empirical Bayes Model Chi- -1.21%** 0.39 -1.98, -0.44
square for homogeneity =2.89, p=.717

*p <0.05

**p <0.01
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TABLE 6-4. EFFECT OF 25 pg/m* PM, ; ON EVENING PEAK FLOW IN
ASTHMATICS LAGGED ZERO OR ONE DAY

Change in Standard 95%
PFR per Error of Confidence
Study Description 25 ug/m’ Change Interval
Peters et al. 27 non-smoking adults living in Erfurt, -1.38 0.71 -2.77,0.01
(1997c¢) Germany
Romieu et al. 71 children aged 5-7 years living north of -1.98 2.39 -6.66, 2.70
(1996) Mexico City

TABLE 6-5. EFFECT OF 25 pg/m® PM, ON EVENING PEAK FLOW IN
ASTHMATICS LAGGED TWO TO FIVE DAYS

Change in PFR  Standard  95% Confidence

Study Description per 25 ug/m’ Error Interval
Peters et al. 27 non-smoking adults living in Erfurt, -2.18%* 0.82 -3.79, -0.57
(1997¢) Germany

Romieu et al. 71 children aged 5-7 years living north of -2.55 2.70 -7.84,2.74
(1996) Mexico City

*p <0.01

TABLE 6-6. EFFECT OF 50 pg/m® PM,, ON COUGH IN ASTHMATICS LAGGED

ZERO OR ONE DAY
Odds Ratio for ~ Standard Error 95%
Event per of Log-Odds Confidence
Study Description 50 ug/m’ Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 2.19 0.531 0.77, 6.20
(1997) Amsterdam, The Netherlands
Romieu et al. 65 children aged 5-13 years living south of 1.21 0.046 1.11,1.32
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, Germany 1.01 0.026 0.96, 1.06
(1997¢)
Romieu et al. 71 children aged 5-7 years living north of 1.21%* 0.047 1.10, 1.33
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, Czech 1.01 0.032 0.95, 1.08
(1997a) Republic
Vedal et al. (1998) 206 children aged 6 to 13 years living in Port 1.40 0.150 1.04, 1.88
Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes Model 1.12%* 0.046 1.03,1.23

Chi-square for homogeneity =32.71, p <.001

*p <0.05
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TABLE 6-7. EFFECT OF 50 pg/m* PM,, ON COUGH IN ASTHMATICS LAGGED

TWO TO FIVE DAYS
Odds Ratio for Standard 95%
Event per Error of Log-  Confidence
Study Description 50 ug/m’ Odds Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 2.19 0.787 0.47,10.24
(1997) Amsterdam, The Netherlands
Romieu et al. 65 children aged 5-13 years living south of 1.21%* 0.047 1.10, 1.33
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, 1.08 0.026 1.03, 1.14
(1997c¢) Germany
Romieu et al. 71 children aged 5-7 years living north of 1.27%* 0.086 1.07, 1.50
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, 1.10%* 0.031 1.03, 1.17
(1997a) Czech Republic
Vedal et al. 206 children aged 6 to 13 years living in 1.40%* 0.108
(1998) Port Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes 1.15%* 0.032 1.08,1.23
Model Chi-square for homogeneity
=16.17, p=.006
*p<0.05
*xp < 0.01

TABLE 6-8. EFFECT OF 50 ug/m*® PM,, ON PHLEGM IN ASTHMATICS LAGGED

ZERO OR ONE DAY
Odds Ratio for Standard 95%
Event per Error of Log-  Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Romieu et al. 65 children aged 5-13 years living south of 1.10 0.095 0.91, 1.33
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, 1.10* 0.037 1.02,1.18
(1997¢) Germany
Romieu et al. 71 children aged 5-7 years living north of 1.10 0.085 0.93, 1.30
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, 1.13* 0.043 1.04, 1.23
(1997a) Czech Republic
Vedal et al. 206 children aged 6 to 13 years living in 1.28 0.200 0.86, 1.89
(1998) Port Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes L11** 0.026 1.06, 1.17

Model Chi-square for homogeneity = 0.80,

p=.938
*p<0.05
**p < 0.01
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TABLE 6-9. EFFECT OF 50 ug/m* PM,, ON PHLEGM IN ASTHMATICS LAGGED

TWO TO FIVE DAYS
QOdds Ratio for Standard 95%
Event per Error of Log-  Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Romieu et al. 65 children aged 5-13 years living south of 1.00 0.074 0.86,1.16
(1997) Mexico City
Peters et al. 27 non-smoking adults living in Erfurt, 1.05 0.096 0.87,1.27
(1997c¢) Germany
Romieu et al. 71 children aged 5-7 years living north of 1.05 0.096 0.87,1.27
(1996) Mexico City
Peters et al. 89 children aged 6-14 living in Sokolov, 1.12%* 0.037 1.04, 1.20
(1997a) Czech Republic
Vedal et al. 206 children aged 6 to 13 years living in 1.40%* 0.156 1.03, 1.90
(1998) Port Alberni, British Columbia
COMBINED Meta-analysis using an Empirical Bayes 1.09%* 0.031 1.03,1.16

Model Chi-square for homogeneity = 0.80,

p=.938
*p <0.05
% < 0.01

TABLE 6-10. EFFECT OF 50 ug/m® PM,, ON DIFFICULTY IN BREATHING IN
ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for Standard 95%
Event per Error of Log-  Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Romieu et al. 65 children aged 5-13 years living south of 1.18* 0.046 1.08, 1.29
(1997) Mexico City
Ostro et al. 83 African-American children living in 1.71%* 0.180 1.20,2.43
(1995) central Los Angeles
Romieu et al. 71 children aged 5-7 years living north of 1.05 0.096 0.87,1.27
(1996) Mexico City
COMBINED Meta-analysis using an Empirical Bayes 1.18 0.043 1.08, 1.28

Model Chi-square for homogeneity = 0.80,

p=.938
*p <0.05
**p <0.01
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TABLE 6-11. EFFECT OF 50 pg/m* PM,, ON DIFFICULTY IN BREATHING IN
ASTHMATICS LAGGED TWO TO FIVE DAYS

Odds Ratio for Standard Error of 95% Confidence
Study Description Event per 50 ug/m*  Log-Odds Ratio Interval
Romieuetal. 65 children aged 5-13 years living 0.058 1.08, 1.36
(1997) south of Mexico City
Romieuetal. 71 children aged 5-7 years living 0.150 0.78, 1.41

(1996)

north of Mexico City

TABLE 6-12. EFFECT OF 50 ug/m* PM,, ON BRONCHODILATOR USE IN
ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for Standard 95%
Event per Error of Log-  Confidence
Study Description 50 ug/m’ Odds Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 0.94 0.237 0.59, 1.50
(1997) Amsterdam, The Netherlands
Peters et al. 27 non-smoking adults living in Erfurt, 1.06 0.094 0.88, 1.27

(1997¢)

Germany

TABLE 6-13. EFFECT OF 50 ug/m* PM,, ON BRONCHODILATOR USE IN
ASTHMATICS LAGGED TWO TO FIVE DAYS

Odds Ratio for Standard 95%

Event per Error of Log-  Confidence
Study Description 50 ug/m’ Odds Ratio Interval
Gielen et al. 61 children aged 7 to 13 years living in 2.90* 0.242 1.80, 4.66
(1997) Amsterdam, The Netherlands
Peters et al. 27 non-smoking adults living in Erfurt, 1.23 0.128 0.96, 1.58
(1997¢) Germany
*p <0.01

The results of the peak flow analyses consistently show small decrements for both PM,,,

and PM, ;. The results were shown for both morning (AM) and evening (PM) peak flow The

effects using two to five day lags averaged about the same as did the zero to one day lags, but the
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effects seen were slightly less consistent. None of the studies provided analyses which were able
to separate out the effects of PM,, and PM, s from other pollutants, nor were they able to
distinguish the effects between PM,, and PM, ..

The effects on respiratory symptoms also tended to be positive although they were much
less consistent. Most studies showed increases in cough, phlegm, difficulty in breathing, and
bronchodilator use, although these increases were generally not statistically significant.
Bronchodilator use was the only endpoint that appeared to be more strongly related to the longer

lag times, but this result is based on three studies.

6.2.1.2 Short Term Effects on Lung Function and Respiratory Symptoms in
Non-Asthmatics

Roemer et al. (1993) studied acute respiratory symptoms in a panel of 73 Dutch children
with chronic respiratory symptoms in the winter of 1990-91 living in Wageningen and
Bennekom, The Netherlands. Exposure measurements included SO,, NO,, and PM,,. PM,,
measured at a central site exceeded 110 ng/m’ on six days over the 3 month study period. Daily
measurements of peak flow were made twice a day. A diary was used to measure the occurrence
of acute respiratory symptoms and medication use. A time series analysis was performed using
the SAS procedure, AUTOREG, using the Yule-Walker estimation method. Both morning and
evening peak flow measurements were marginally significant in their relationship to PM,,, BS
and SO, levels. PM,, was also associated with increased bronchodilator use.

Hoek and Brunekreef (1994) studied 1079 children living in four non-industrial
communities in The Netherlands. The study was conducted during the three winters of 1987-88,
1988-89, and 1989-90. Pollutants measured included SO,, NO,, PM,,, sulfate fraction, nitrate
fraction, and acid aerosol. PM,, levels were low (mean 45, range 14-126 pug/m?). A first order
autoregressive model, which contained temperature as a covariate, found a weak association
between most pollutants and peak flow but no relationship with respiratory symptoms.

Hoek et al. (1998) summarized and reanalyzed results from several other studies reported in
the literature, including those on asymptomatic children in the Utah Valley of Utah (Pope et al.,
1991), children in Bennekom, The Netherlands (Roemer et al., 1993), children in Uniontown, PA
(Neas et al., 1995), and children in State College, PA (Neas et al., 1996). The point of the

reanalysis was to show an alternative method for summarizing peak flow studies, that is, relative
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odds for a substantial 10% decrease in peak flow. Hoek et al. (1998) conducted a different type
of analysis on peak flow data, the results of which become much more readily interpretable from
a clinical point of view: most PEF studies have looked at changes in population mean PEF in
response to air pollution findings, effects on the order of a few percentage points over a relevant
pollution concentration range. The small changes seen are within the circadian variation
everybody experiences every day, which is not associated with the symptomatology. Hoek et al.
(1998) shows that these small changes in the population mean PEF are accompanied by
significantly increased percentages of subjects experiencing large PEF changes (of more than
10% or more than 20% of their habitual level). Such relatively large changes can be associated
with symptoms and with the need to use bronchodilators, which makes this analysis more
coherent with findings of increased respiratory symptoms and relief medication use also found to
be associated with air pollution. Significant decreases in peak flow were found to be related to
increases in PM,, for models using data from the five panels. The analyses were done using a
first-order autoregressive model with adjustments for time trend and ambient temperature.
Co-pollutant models showed effects of ozone and PM, to be largely independent.

Schwartz et al. (1994) also summarized results from several studies, including the “Six
Cities study” (Ferris et al., 1979) and the asymptomatic patients from the Utah Valley study
(Pope et al., 1992). Autoregressive logistic models were fitted using GEE methods. The
symptoms of cough, lower respiratory disease, cough, and upper respiratory disease were found
to be associated with PM,,, SO,, and ozone.

Roemer et al. (1998, 1999) summarized the results for patients selected for cough in the
PEACE studies. Phlegm was not related to PM,, levels for lags of zero, one or two days.
Furthermore, no relationship was found with the seven day mean. The results for lower
respiratory disease were similar to phlegm.

Linn et al. (1998) report the outcome of a study of 30 volunteer Los Angeles area residents
with severe chronic obstructive pulmonary disease (COPD), relating pollutant levels (PM,,,
PM, ;, O,, NO,) to health outcomes (blood pressure, lung function, arterial blood oxygen
saturation). The authors report that LA area monitoring stations appeared to give meaningful
estimates of PM exposures outdoors at the homes of the COPD subjects studied with respect to
temporal as well as spatial variations but note that on the whole, their findings provide only weak

support that personal exposures track ambient background PM levels. They found the following:
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(1) daily mean diastolic blood pressure increased significantly with same-day or previous day
24 hr-mean PM,, at the nearest monitoring stations, (2) no significant relationships with blood
pressure were found for outside home PM, ., (3) some analyses of lung function versus
subject-oriented PM measurements showed statistically significant negative relationships, but
were usually eliminated by excluding 2 or 3 “outlying” subjects, and (4) arterial blood oxygen
saturation showed no significant relationships. The authors suggest caution in interpreting the
study.

Harr¢ et al. (1997) studied 40 subjects aged over 55 years with COPD living in
Christchurch, New Zealand. The study was conducted during the winter of 1994. Subjects
completed diaries twice daily as well as their peak flow measurement. Pollutants measured
included SO,, NO,, PM,,, and CO. Local PM,, measures exceeded 120 ng/m’ five times during
the study period. A log-linear regression model with adjustment for first order autocorrelation
was used to analyze the peak flow data and a Poisson regression model was used to analyze the
symptom data. Few significant associations between the health endpoints and the pollutants
were found.

Boezen et al. (1999) studied 632 children aged 7 to 11 years of age during three winters
(1992-95) in The Netherlands. The analyses were performed on two subpopulations: the
36 percent of children with no bronchial hyperresponsiveness and total IGE of 60 kU/L or less,
and the remaining 64 percent without. Lung function was measured as the dichotomous variable:
a decrease of 10 percent or more. Upper and lower respiratory symptoms were also measured.
The PM,, readings ranged from 4.7 to 145.6 ug/m’. A logistic regression model was used to
analyze the data. Autocorrelation was adjusted for using the AR macro (SAS version 6.12).

No consistent relationships were found between the health endpoints and PM,, levels.

Korrick et al. (1998) studied the effect of short-term changes in pollution on adult hikers on
Mt. Washington, NH. Ozone levels were measured at two sights near the top of the mountain
and PM, ; was measured near the base of the mountain. Both linear and non-linear regression
models were used to assess the effect of pollution on lung function. Logistic regression was used
to assess the effect on the odds of having a decline of greater than 10 percent in lung function.
No estimates were given for the effect of PM, ; but it was stated that PM, ; did not affect the

coefficient for ozone.
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Naceher et al. (1999) studied 473 non-smoking women (ages 19 to 43 years) in Virginia over
the 1995 and 1996 summers. Subjects took peak flow measurements twice a day for two weeks
each summer. A regional monitoring site measured PM, 5, PM,,, sulfate, strong acid (H+), hourly
ozone, and meteorological variables. The data were analyzed using a mixed model assuming a
linear regression term for each subject. These terms were assumed to be random and normally
distributed and were estimated using SAS proc MIXED. Morning changes in peak flow were
related to current day H+ and PM, ;. Ozone was related to changed in evening peak flow.

Tables 6-14 through 6-17 examine outcomes for studies of non-asthmatics. Again, results

of meta-analyses of combined results from the studies summarized in each table are also

provided.
TABLE 6-14. EFFECT OF 50 ug/m* PM,, ON PEAK FLOW (L/MIN)
IN NON-ASTHMATICS LAGGED ZERO OR ONE DAY
Change in Standard 95%
PFR per Error of Confidence

Study Description 50 ug/m’ Change Interval
Hoek and 73 children aged 6-12 years with -0.42% 0.15 -0.71,-0.1260
Brunkreef (1994) respiratory symptoms in the Netherlands
Hoek et al. (1998) 39 asymptomatic children in the Utah -0.33* 0.11 -0.55,-0.11

Valley
Hoek et al. (1998) 67 children in Bennekom, the Netherlands -0.45 1.05 -2.51, 1.61
Hoek et al. (1998) 83 children in Uniontown, PA -0.95 1.60 -4.09,2.19
Hoek et al. (1998) 108 children in State College, PA -0.15 1.45 -2.99, 2.69
Harré et al. (1997) 40 adults aged 55+ years with COPD living -0.86 0.75 -2.33,0.61

in Christchurch, New Zealand
COMBINED Meta-analysis using an Empirical Bayes -0.38%* 0.09 -0.56, -0.20

Model Chi-square for homogeneity = 1.12,

p =0.952.

*p <0.05
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TABLE 6-15. EFFECT OF 50 pg/m* PM,, ON COUGH IN NON-ASTHMATICS

LAGGED ZERO OR ONE DAY
Odds Ratio Standard Error 95%
for Eventper  of Log-Odds  Confidence

Study Description 50 ug/m’ Ratio Interval
Hoek and Brunkreef 73 children aged 6-12 years with 0.94 0.255 0.57, 1.55
(1994) respiratory symptoms in the

Netherlands
Schwartz et al. (1994)  Six Cities Study 1.39% 0.145 1.05, 1.85
Schwartz et al. (1994) 39 asymptomatic children in the Utah 1.36* 0.120 1.07,1.72

Valley
COMBINED Meta-analysis using an Empirical 1.31% 0.088 1.10, 1.56

Bayes Model Chi-square for

homogeneity =, p =.
*p < 0.05

TABLE 6-16. EFFECT OF 50 ng/m® PM,, ON LOWER RESPIRATORY
ILLNESS IN NON-ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for Standard 95%
Event per Error of Log- Confidence

Study Description 50 ug/m’ Odds Ratio Interval
Hoek and 73 children aged 6-12 years with 1.00 0.172 0.71, 1.40
Brunkreef respiratory symptoms in the
(1994) Netherlands
Schwartz et al. Six Cities Study 2.03* 0.206 1.36, 3.04
(1994)
Schwartz et al. 39 asymptomatic children in the Utah 1.21 0.187 0.84,1.75
(1994) Valley
Boezen et al. 167 children aged 7-11 years living in 1.02 0.100 0.84,1.24
(1999) The Netherlands
COMBINED Meta-analysis using an Empirical 1.211 0.128 0.94, 1.56

Bayes Model Chi-square for

homogeneity = 10.23, p=0.017
*p <0.05
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TABLE 6-17. EFFECT OF 50 pg/m* PM,, ON UPPER RESPIRATORY
ILLNESS IN NON-ASTHMATICS LAGGED ZERO OR ONE DAY

Odds Ratio for ~ Standard Error 95%
Event per of Log-Odds Confidence

Study Description 50 ug/m’ Ratio Interval
Hoek and 73 children aged 6-12 years with 1.00 0.089 0.84,1.19
Brunkreef respiratory symptoms in the
(1994) Netherlands
Schwartz et al. Six Cities Study 1.39 0.186 0.97,2.00
(1994)
Schwartz et al. 39 asymptomatic children in the Utah 1.03 0.166 0.74, 1.43
(1994) Valley
Boezen et al. 167 children aged 7-11 years living in 1.01 0.033 0.94, 1.07
(1999) The Netherlands
COMBINED Meta-analysis using an Empirical 1.02 0.031 0.96, 1.08

Bayes Model Chi-square for
homogeneity = 2.76, p = .251

The results of the peak flow analyses consistently show small decrements for increases in

PM,,. The results are similar to those found for asthmatics. There were no studies that gave

results for PM, 5, and no studies gave results for longer lag times.

Studies not meeting the criteria for discussion above are summarized in Tables 6-18 and

6-19. Many excellent studies are included in these tables without further discussion. These

studies provide supporting evidence for the conclusions reached from the studies selected for text

discussion.

6.2.1.3 Discussion of Co-Pollutant Studies

A small number of short-term PM exposure respiratory studies considered multiple

pollutants in the same model. These are described individually.

Delfino et al. (1998) found that the presence of ozone in a model with PM,, reduced

slightly the effect of PM,, on asthma symptoms. However, all terms that were significant

without ozone in the model remained significant with ozone added to the model.
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TABLE 6-18. OTHER ASTHMATIC PANEL STUDIES

Other

Study Design Model Type Pollutants Other Covariates Results
Thurston Three 5-day summer camps Linear regression for lung Ozone, H+  Pollen, daily maximum  Sulfate and ozone were related to
etal. (1997)  with 166 asthmatic children  function, Poisson regression temperature, both respiratory symptoms and

conducted in 1991, 1992, for symptoms and bronchodilator use.

1993 measuring symptoms bronchodilator use in

and change in lung function  relation to sulfate, with

(morning to evening) random subject effects.
Agocs et al. A panel of 60 asthmatic A mixed model relating TSP SO, time trend, day of No significant relationships with
(1997) children was followed for to the morning and evening week, temperature, TSP were found

two months in Budapest, PEFR measurements was humidity

Hungary used
Giintzel et al.  An asthma reporting system A Box-Jenkins ARIMA time Ozone, Temperature No significant relationships were
(1996) was used in connection with  series model was used to SO,, NO, found

pollutant monitoring in relate asthma to TSP

Switzerland from the fall of

1988 to the fall of 1990
Taggart et al. A panel of 38 adult A generalized linear model SO,, NO, Temperature Small effects were seen in relation
(1996) asthmatics were followed was used to relate pollutants to NO, and black smoke

Delfino et al.
(1996)

from July 17 to September
22, 1993 in northern
England

A panel of 12 asthmatic
children with symptomatic
asthma living in San Diego,
CA were followed during
the early fall of 1993.

to bronchial
hyperresponsiveness

A random effects model was
fitted to ordinal symptom
scores and bronchodilator
use in relation to 24-hour
PM,

OF

Temperature, relative
humidity, fungal
spores, and day of
week.

Symptoms and bronchodilator use
were associated with 12-hour
personal ozone measurements, but
not stationary outdoor monitor data
on 1-hour maximum ozone or
24-hour PM, ;. Fungal spores were
associated with symptoms and
inhaler use.




®) TABLE 6-18 (cont’d). OTHER ASTHMATIC PANEL STUDIES
e
g. Other
@ Study Design Model Type Pollutants Other Covariates Results
& Definoetal. A panel of 9 adults and A random effects model was O, Temperature, relative Although PM,, never exceeded
© (1997) 13 children were followed fitted to ordinal symptom humidity, fungal 51 ug/m’, bronchodilator use was
during the late spring of scores, bronchodilator use, spores, day of week significantly associated with PM,,
1994 in a semi-rural area of ~ and PEF in relation to (0.152 inhaler puffs/10 ug/m®;
San Diego County at the 24-hour PM,,. SE 0.064). Fungal spores were
inversion zone elevation of associated with all respiratory
around 1,200 feet. outcomes.
Hiltermann Sixty outpatient asthmatics The association of log 0O, Mugwort-pollen An association of inflammatory
etal. (1997)  were examined for nasal transformed inflammatory parameters in nasal lavage of
inflammatory parameters in parameters to 24-h PM,, patients with intermittent to severe
The Netherlands from July 3 were analyzed for using a persistent asthma with ambient
to October 6, 1995. linear regression model. ozone and allergen exposure was
observed, but not with exposure to
PM,,.
?\
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TABLE 6-19. OTHER NON-ASTHMATIC PANEL STUDIES

Study

Design

Model Type

Other Pollutants

Other Covariates

Results

Spektor et al. (1991)

Studnicka et al. (1995)

Scarlett et al. (1996)

Gordian et al. (1996)

Cuijpers et al. (1994)

Awasthi et al. (1996)

Miyao et al. (1993)

Long et al. (1998)

Boezen et al. (1998)

Linn et al. (1996)

Monthly time series analysis of
pulmonary function

Three panels of 16 to 19 day
duration measured at a summer
camp

154 school children had
pulmonary function measured
daily for 31 days

Outpatient visits for upper
respiratory symptoms were related
to ambient PM,, levels

Summer episode study in
Maastrucht, The Netherlands PM,,
measured.

A cohort of 664 preschool children
were followed for two weeks each
in northern India

Japanese national health insurance
records were correlated with
suspended particulate matter

428 participants with mild airway
obstruction in a health study were
surveyed during a pollution
episode

75 symptomatic and asymptomatic
adults near Amsterdam were
surveyed during the winter of
1993-1994 for three months

269 school children in Southern
California were surveyed twice
daily for one week in the fall,
winter and spring for two years

Not given

Linear regression of lung function
allowing for repeated measures

Separate autoregressive models for
each child were pooled

An autoregressive Poisson model was
fitted to detrended pollution and
meteorological data

Paired t tests were used for
pulmonary function tests, methods
for respiratory symptoms not given

Ordinary least squares was used to
relate a respiratory symptom complex
to suspended particulate matter

Pearson correlation

Gender specific odds ratios of
symptoms were calculated for
differing PM,, levels using the
Breslow-Day test

An autoregressive logistic model was
used to relate PM,, to respiratory
symptoms, cough, and phlegm.

A repeated measures analysis of
covariance was used to fit an
autoregressive model

Soza 03

H+, sulfate, ammonia,

ozone

PM,,, ozone, NO,

CO

SO,, NO,, BS, ozone,

H+

SO,, nitrates

S0,, NO,

TSP, VOC

S0O,, NO,

NO,, ozone

Height, weight

Temperature,
humidity, pollen

Pollen, machine,
operator, time of day,
time trend

Weekday, temperature

none in model

Coal, wood, kerosene

cedar and cyprus
pollen

Daily minimum
temperature, time
trend, day of week

Year, season, day of
week, temperature

Pulmonary function related to PM,,

Pulmonary function related to H+
but not to PM,,

PM,, was related to changes in FEV
and FVC

Upper respiratory symptoms were
associated with increased PM,,
levels

Small decreases in lung function
were found

A significant regression coefficient
between PM and symptoms was
found

No significant correlation with
particulate matter was found

Cough, wheezing, chest tightness,
and shortness of breath were all
increased during the episode

No relationship was found with
pulmonary function. Some
significant relationships with
respiratory disease were found in
subpopulations

Moring FVC was significantly
decreased as a function of PM; and
NO,
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Timonen and Pekkanen (1997) found a relationship between PM,, and decreases in
morning peak flow for lags of two days or for a four day mean. When NO, was added to the
model, the coefficients for PM,, remained essentially unchanged.

Romieu et al. (1997) found a significant relationship between peak flow and respiratory
symptoms as dependent variables and ozone and PM,, as independent variables in asthmatic
children in Mexico City. When both ozone and PM,, were included in the model, the
significance of ozone increased. PM,, was not significant in this study and it remained so after
the inclusion of ozone. Romieu et al. (1996) in a separate study found an effect of PM, ; on peak
flow. This effect remained after the inclusion of ozone in the model.

Studnika et al. (1995) observed decreases in FEV, as a function of H+ and PM, levels in
children participating in a summer camp. The coefficients for PM,, remained relatively constant
with the inclusion of H+ in the model.

Gold et al. (1999) found that both PM,  and ozone were related to changes in morning peak
flow. The combined effect of the two pollutants was somewhat larger than the effect of each
pollutant individually in the model, but was less than the sum of the two separate effects.

Although these studies are not definitive about the effects of multiple pollutants, it does
appear that the pollutants considered in these models act somewhat independent of each other.
There were no cases where the statistical significance was eliminated by the inclusion of

co-pollutants.

6.2.2 Long-Term Exposure Effects on Lung Function and Respiratory
Symptoms

A small number of studies have been published recently which looked at the effects of
long-term PM exposure on lung function and respiratory illness. Some of these did not relate
effects directly to PM,, or PM, ;.

Dockery et al. (1996) examined respiratory health effects among 13,369 white children,
aged 8 to 12 years, from 24 communities in the United States and Canada. A two-stage logistic
regression model was used to adjust for potential confounding from gender, history of allergies,
parental asthma, parental education, and smoking in the home. The city-specific range in the

annual pollutant means from local monitors were 14.9 pg/m® for PM, , and 17.3 pug/m’ for PM,,,.
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Although the endpoint of bronchitis was significantly related to fine particulate sulfates, no
endpoints were related to PM,, levels.

Abbey et al. (1998) studied associations between lung function measures collected in 1997
and estimated 20-year exposure to respirable particulates, suspended sulfates, ozone, and PM,, in
1391 non smoking seventy-day adventist, throughout CA. Increased frequency of days where
PM,, exceeded 100 ng/m® was associated with a decrement in FEV in males whose parents had
asthma, bronchitis, emphysema, or hay fever. No other effects were seen in any other subgroups.

Braun-Fahrlénder et al. (1997) studied the impact of long-term exposure to air pollution on
respiratory symptoms and illnesses in a cross-sectional study of school children (aged 6 to
15 years), living in ten different communities in Switzerland. Air pollution measurements
included PM,,, NO,, SO,, and ozone. Local PM,, measurements yielded annual PM,, means in
the ten communities ranging from 10 to 33 xg/m°. Symptoms were analyzed using a logistic
regression model that included the covariates of family history of respiratory and allergic
diseases, number of siblings, parental education, indoor fuels, passive smoking, and others. The
endpoints of chronic cough, bronchitis, wheeze and conjunctivitis symptoms were all related to
the various pollutants. The collinearity of the pollutants prevented any causal separation.

Ackermann-Liebrich et al. (1997) studied the long-term effect of air pollution in a
cross-sectional population-based sample of Swiss adults aged 18 to 60 years. Air pollutants
monitored by local authorities in each of eight regions included SO,, NO,, TSP, ozone, and PM,,.
Annual PM,, means ranged from 10.1 to 33.4 ng/m’. A random sample of 2,500 adults in each
region was drawn from registries of the local inhabitants. The natural logarithm of FVC and
FEV, was regressed against the natural logarithms of height, weight, age, gender, atopic status,
and pollutant variables. The estimated regression coefficient for PM,, versus FVC was
-0.0345 with 95 percent confidence intervals of -0.0407 t0-0.0283. The corresponding value for
FEV, was -0.0160 with 95 percent confidence interval of -0.0225 to -0.0095. Thus, a 10 ug/m’
increase in PM,, was estimated to lead to an estimated 3.4 percent decrease in FVC and
1.6 percent decrease in FEV .

Von Mutius et al. (1995) studied 9 to 11 year old school children living in Leipzig, East
Germany. Parents filled out a respiratory disease questionnaire. The presence of respiratory
symptoms was confirmed by a physician. After controlling for parental education, passive smoke

exposure, temperature, and humidity, the odds ratio for developing upper respiratory illness was
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1.62 with 95 percent confidence limits of 1.08 to 2.45. PM was measured by beta-absorption.
The same effects were seen when the other pollutants were used as the independent variable.

Raizenne et al. (1996) examined the health effects of exposure to acidic air pollution
among children living in 24 communities in the United States and Canada. Parents of the
children (aged 8 to 12) completed a self-administered questionnaire. Pulmonary function
measurements were taken at the end of the pollution monitoring period. These measurements
were analyzed using a two-stage regression analysis that adjusted for age, gender, height, and
weight. Although decreases in lung function were highly related to particle strong acidity, they
were also related to PM,,. The particle strong acidity range over the study areas was
43.4 nmol/m’.

To study whether chronic effects of ozone exposure can be observed in an unselected
cohort of 1,150 children, Frischer et al. (1999) prospectively followed a cohort of primary school
children in Austrian counties by repeated measurements of lung function between January 1994
and December 1996. This unique study observed during the 3 yr time period small but consistent
decrements in lung function in a cohort of children with ambient ozone exposure. They report
that for PM,,, a positive effect was seen for winter exposure, which was completely confounded
by temperature. Tager (1999) comments that in this study the data indicated that summertime
PM,, was associated with decreased growth of MEF,, (maximum expiratory flow at 50% of vital
capacity). However, the more important comment of Tager (1999) is that cross-sectional studies
are fraught with too many methodological problems, and should be abandoned as a design
strategy and that the approach taken by Frischer et al. (1999) offers a practical study design that
should be emulated. Such shorter term prospective studies of young children will help develop a
more substantive database through which more accurate estimates of effects of ambient air
pollution on lung function growth can be obtained.

Lewis et al. (1998) studied 3,023 primary school children in New South Wales. Particulate
and sulfur dioxide measures were collected from January 1993 to December 1993. Children in
each of the nine areas were chosen to be within 3 km of a monitoring station. Night cough, chest
colds, and wheeze were found to be related to PM,, levels.

Peters et al. (1999a) studied 12 southern California communities with differing levels of
pollution. In each community, 150 students in grades 4 and 7 were enrolled. The study was

conducted in 1993, but pollution estimates were based on the years 1986-1990. Several
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respiratory illness rates were related to PM,, levels including the presence of asthma, bronchitis,
cough, or wheeze. None of the symptoms were significantly related to PM,,. Peters et al.
(1999b) also studied the effect of PM,, on lung function in the same population. Forced vital
capacity and mid-maximal flow rate were negatively related to PM,, levels, but FEV, and peak
flow were not. All results tended to show a negative effect of PM,,.

Three other studies related long-term PM,, exposure to PM,,. Jammes et al. (1998)
compared lung function at two sites (suburbs and downtown Marseilles) and found some
differences. Zemp et al. (1999) studied the effect of PM,, on respiratory symptoms in eight
communities in Switzerland and found that PM,, was related to differences in rates of chronic
phlegm, breathlessness, and dyspnea in never smokers. Results for ex-smokers and current
smokers tended to show smaller effects. McDonnell et al. (1999) looked at a cohort of
3,091 non-smokers in southern California (AHSMOG Study). Most of the analyses were done
using ozone as the pollutant of interest, and the inclusion of PM,, in the analyses had little effect
on the coefficients for ozone.

Goren et al. (1999) studied school children (ages 7 to 13 years) who resided in two
communities where one community had quarries and a cement factory as PM sources, while the
other community was geographically near but divided from the sources by two valleys and two
hills. Pollutants measured included only TSP and, for a limited time, PM,,. Both pulmonary
function measurements and respiratory symptom data were obtained by standard methods in the
spring of 1995. While geographically close the socioeconomics status of the populations differed
significantly and was thus controlled for the logistic regression analyses. Approximately 16% of
PM,, levels exceeded 150 pg/m’ in the source-exposed community. TSP levels in the adjacent
community were about 30 to 60% of those in the source-exposed community. The source
community had a PEF decrement of 97.03% predicted, while the adjacent community was at
99.80% with a p = 0.0326 for the difference. While not significant, positive OR’s were found for
the symptoms such as a cough without cold.

Other new studies examined long term pollutant effects but did not use PM,, or PM, ; as the
PM measure (De Kok et al., 1996; Chen et al., 1998; and Zejda et al., 1996).

Overall, the results of the chronic studies are not consistent. Some studies show effects for
some endpoints, but other studies fail to find the same effects. It is generally more difficult to

find a gradient in long term exposures, whereas short term studies need only find an area with
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occasional high exposures. For this reason it is not surprising that the studies show less

consistency than the acute exposure studies.

6.2.3 Effects of Short-Term PM Exposure on the Incidence of Respiratory
Medical Visits and Hospital Admissions

6.2.3.1 Introduction

Potentially the most severe morbidity measure evaluated with regard to PM exposure is
hospitalization. Hospital emergency department (ED) visits represent a somewhat less severe,
but related, outcome that has also been studied in relation to air pollution. In addition, doctors
visits also represent a related health measure that, although even less studied, is also relevant to
those who also suffer severe health effects, but captures a different population than ED visits:
those who choose to visit a private doctor, rather than attend an emergency department. This
latter category of pollution affected persons can represent a large population, yet one that is
largely unobserved, due to the usual lack of centralized data regarding doctors’ visits. Indeed, we
are often limited in such epidemiologic studies to “looking under the lamp post” for effects in
data that are routinely collected, but which may miss many cases of adverse effects that are just
as severe, but are not included in the routine health care record keeping system at hospitals.

This section evaluates present knowledge regarding the epidemiologic associations of
hospitalizations and medical visits with ambient PM exposure. It intercompares various PM
components vis-a-vis their relative associations with adverse health effects, as well as their
respective extents of coherence in the PM associations exhibited across related measures of
adverse health effects. In the following discussions, the focus for quantitative intercomparisons
is on studies and results considering PM metrics that quantitatively measure mass or a specific
mass constituent, i.e.:. PM,,, PM, ., sulfates (SO,"), or acidic aerosols (H"). Study results for
other related PM metrics (e.g., Black Smoke; BS) are also considered, but only qualitatively,
primarily with respect to their coherence or lack of coherence with studies using the mass or
composition metrics measured in North America. In order to consider the potentially
confounding effects of other co-existing pollutants, study results for the various PM metrics are
presented both for: (1) the case when the PM metric is the only pollutant in the model; and,
(2) the case where a second pollutant, ozone, is also included in the model (as ozone has been

shown by most past studies to be the most important co-pollutant affecting respiratory
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admissions). Results from models with more than two pollutants included simultaneously are
not used for quantitative estimates of coefficient size or statistical strength, due to increased
likelihood of bias and variance inflation due to multi-collinearity of various pollutants (e.g., see

Harris, 1975).

6.2.3.2 Summary and Implications of Studies Assessed in the 1996 PM AQCD

In the 1996 PM AQCD, it was found that both COPD and pneumonia hospitalization
studies showed moderate, but statistically significant, relative risks in the range of 1.06 to
1.25 per increase of 50 wg/m’ in PM,, or its equivalent. There was a suggestion of a relationship
between ambient PM,, and heart disease admissions, but the estimated effects were smaller than
the effects for other endpoints. While a substantial number of hospitalizations for respiratory
illnesses occur in those >65 years of age, there are also numerous hospitalizations for those under
65 years of age. Several of the hospitalization studies restricted their analysis by age of the
individuals, but did not explicitly examine younger age groups. One exception noted was Pope
(1991), who reported an increase in hospitalization for Utah Valley children (aged 0 to 5) for
monthly numbers of admissions in relation to PM,, monthly averages, as opposed to daily
admissions in relation to daily PM levels used in other studies.

Studies examining acute associations between indicators of components of fine particles
(e.g., British smoke, BS; sulfates, SO,”; and acidic aerosols, H") and hospital admissions were
also reported as finding significant relationships. While sulfates were especially predictive of
health effects, it was not clear whether the sulfate-related effects were attributable to their acidity,

or to the broader effects of associated combustion-related fine particles, in general.

6.2.3.3 Key New Respiratory Medical Visits Studies

As discussed above, medical visits include both hospital emergency department (ED) visits
and doctors’ office visits. As in the past CD’s, most of the available morbidity studies discussed
below are of ED visits and their associations with air pollution, but new studies look at the
primary care setting such as a study conducted in Paris, France which looks at doctors’ visits to
patients in that city. This provides a new insight into the scope of air pollution’s effects on

severe morbidity.
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Delfino and colleagues (1997) examined the association between air pollution and
emergency department (ED) visits in Montreal, Canada from June through September 1992 and
1993. Air pollutants measured included: O,, PM,,, PM, s, the SO, fraction of PM, ., and aerosol
strong acidity (H"). Temporal trends, autocorrelation, and weather were controlled for in
time-series regressions. For 1992, no significant associations with ER visits were found, but
33% of the particulate data were missing. For 1993, only H" was significant for children less
than 2 years of age, despite very low levels of aerosol acidity (mean effect of 4 nmol/m’= 5.0%:
CI=0.4-9.6%). There were no significant associations between air pollution and ED visits for
persons 2-64 yrs. of age. For patients over 64 yrs. of age, 1-h maximum O,, PM,,, PM, 5, and
SO, were all positively associated with respiratory visits (p < 0.02). Effects of particles in the
older adults were smaller than for O,, with mean effect sizes of 16% (CI = 4-28%), 12%
(CI=2-21%) and 6% (CI = 1-12%) for PM,,, PM, ,, and SO, , respectively. Ozone and PM,,
levels never exceeded 67 ppb and 51 pg/m’, respectively.

Delfino et al. (1998) examined the relationship between the number of daily ED visits for
respiratory illnesses and outdoor air pollution in Montreal, Quebec (June-August, 1989-1990).
Air pollutants measured included 1- and 8-h maximum ozone (O,) and estimated PM, ;. Seasonal
and day-of-week trends, autocorrelation, temperature, and relative humidity were addressed
in-time series regressions. Although O, levels never exceeded the U.S. National Ambient Air
Quality Standard (NAAQS) of 120 ppb (maximum day, 106 ppb), statistically significant
(P <0.01) relationships were found between respiratory ER visits for patients over the age of
64 with both 1- and 8-h maximum O, measured 1 day prior to the ER visit day during the
1989 summer. There was an association between respiratory ER visits for the elderly and
estimated PM, 5 lagged 1 day (0.1 visit/ug/m’ PM, 5, P < 0.07), but this was found to be
confounded by both temperature and O,. Direct PM, ; measurements were only available every
sixth day, and the estimated PM, 5 was derived from daily measurements of Coefficient of Haze
(CoH), O,, NO,, barometric pressure, and RH corrected light extinction coefficient (B,,,) derived
from visibility data. The authors noted that, because of this, their estimated PM, ; metric “should
obviously be viewed as an indicator of the level of photochemical smog rather than as an
accurate measurement of PM, .. The authors concluded that their findings confirmed the
impression that, while air quality standards may protect the respiratory health of the general

population, this is not the case for especially susceptible subgroups such as the elderly.
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Lipsett et al. (1997) examined whether there was a relationship between ambient air
pollution in Santa Clara County, CA and emergency room visits for asthma during the winters of
1988-89 through 1991-1992. ED records from three acute-care hospitals were abstracted to
compile counts of daily visits for asthma and for a control diagnosis (gastroenteritis) for 3-mo
periods during each winter. Air monitoring data included daily CoH and PM,,, as well as hourly
NO, and O, concentrations. Daily CoH measurements were used to predict values for missing
days of PM,, to develop a complete PM,, time series. Daily data were also obtained for
temperature, precipitation, and relative humidity. In time-series analyses using Poisson
regression, consistent relationships were found between ER visits for asthma and PM,,,.
Same-day NO, was also associated with asthma ED visits, while ozone was not. Because there
was a significant interaction between PM,, and minimum temperature in this data set, estimates
of relative risks (RR’s) for PM,-associated asthma ED visits were temperature-dependent.

A 60 pg/m® change in PM,, (2-day lag) corresponded to RR’s of 1.43 (95% CI = 1.18-1.69) at

20 degrees F, representing the low end of the temperature distribution, 1.27 (95% CI=1.13-1.42)
at 30 degrees F, and 1.11 (95% CI=1.03-1.19) at 41 degrees F, the mean of the observed
minimum temperature. ED visits for gastroenteritis were not significantly associated with any
pollutant variable. Several sensitivity analyses, including use of robust regressions and of
nonparametric methods for fitting time trends and temperature effects in the data, supported these
findings. The authors conclude that these results demonstrate an association between ambient
wintertime PM,, and exacerbations of asthma in an area where one of the principal sources of
PM,, is residential wood combustion.

Pantazopoulou et al. (1995) examined short-term exposure effects of air pollution on
morbidity in the greater Athens area during 1988. Data were collected on the daily number of
emergency outpatient visits and admissions for cardiac and respiratory causes (diagnoses at time
of admission) to all major hospitals. Measurements of air pollution included values for BS, CO,
and NO,. Statistical analysis was done using multiple linear regression models controlling for
potential confounding effects of meteorological and chronological variables, separately for winter
and summer. The daily number of emergency visits was related positively with the levels of the
various air pollutants, but this association reached the nominal level of statistical significance
only for NO, in winter. The number of emergency admissions for cardiac and respiratory causes

was related to a statistically significant degree with all indices of air pollution during the winter.
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Two studies examine medical visits of children in Brazil and Chile. Lin et al. (1999) report
the association between air pollution and pediatric respiratory emergency visits (RESP) in
Séo Paulo, Brazil, from May 1991 to April 1993. The average of ten centrally located stations
were used to provide daily city-wide levels of SO,, CO, PM,,, O,, and NO,. Poisson regression
was employed on 5-day lagged moving average based on the outcome of preliminary analyses.
Based on the results of this regression model, they reported a statistically significant association
between PM,, and pediatric emergency admission due to respiratory diseases even while
controlling for season, weather, and day of week (1.040; 95% CI 1.034-1.046). The inclusion of
other pollutants in the model did not substantially modify the estimated coefficients of PM,,,
suggesting that the pollutant has an independent effect on RESP (1.052, 95% CI 1.042-1.063).
Further, quintile analysis of unadjusted PM,, data appears to have revealed a general
concentration-response relationship. The author states that this outcome represents a serious
public health problem for the children of Sdo Paulo — noting that a large increase in the counts of
respiratory emergency visits; more than 20% — can be observed for the most polluted days.

In Santiago, Chile, Ostro et al. (1999) studied cohorts of children 3-15 years of age and
below age 2 for daily medical visits to primary health care clinics for either upper or lower
respiratory symptoms in relation to PM,, and ozone measurements. For children under age 2,

a 50 ug/m’ change in PM,, was associated with a 4 to 12% increase in lower respiratory
symptoms while the older group (3 to 15 years) ranged from 3 to 9%. The average of four
stationary monitors located downtown within a 12 km? quadrilateral was used to obtain the daily
concentrations of PM,, and O,. The daily mean PM,, level was 108.6 ng/m’ (min-max 18.5 to
380 ug/m®). The magnitude of the effect of one pollutant was not impacted by the inclusion of a
second pollutant in the model. Analyses of lag periods appeared to be most significant for single
day lags and cumulative exposure over a 5-day period generated the strongest effect.

Stieb et al. (1996) examined the relationship of asthma emergency department (ED) visits
to daily concentrations of air pollutants in Saint John, New Brunswick, CN. Data on ED visits
with a presenting complaint of asthma (n = 1987) were abstracted for the period 1984-92
(May-September). Air pollution variables included: O,, SO,, NO,, SO,", and TSP. Weather
variables included temperature, humidex, dew point, and relative humidity. Daily ED visit
frequencies were prefiltered to remove day-of-week and long wave trend effects, and filtered

values were regressed on air pollution and weather variables for the same day and the 3 previous
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days. A positive, statistically significant (p < 0.05) association was observed between O, and
asthma ED visits 2 days later. The O, effect was not significantly influenced by the addition of
weather or other pollutant variables into the model or by exclusion of repeat ED visits. However,
given the limited number of sampling days available for SO, and TSP (measured only once
every sixth day of this study), the authors concluded ““a particulate effect could not be ruled out”.

Other recent medical visit studies for asthma include the following: Norris et al. (1999)
examined emergency department visits by children (under the age of 18) to six hospitals for
asthma and daily air pollutant data to include PM, ; levels in the inner city of Seattle, Washington
over 15 months during 1995 and 1996. A semiparametric poisson regression model yielded
significant association for PM, s and CO. A change of 11 xg/m’ in PM, ; was associated with a
relative rate of 1.15 (95% CI 1.08 - 1.23). Yang et al. (1997) studied asthma emergency room
visits and air pollution (CO, O,, PM,,) in Reno, Nevada for the period 1992-1994. Total asthma
visits were found to increase 33.7%, (95% Cl range 6.0 - 61.5%) for every 100 ppb in the O,
level. No association, for CO or PM levels with asthma ER visits were found. PM,, by -
method had a mean of 33.6 with a min/max of 2.17 to 157.32 ug/m’ and 6-day Hi-Vol yielded a
mean of 38.01, min 10.2 to max 119.17. Ozone average was 51.01 range 16 to 100 ppb. Daily
average emergency visits for asthma averaged 1.75. In a bivariate analyses none of the three air
pollutants was statistically significantly associated with ER asthma visits. The concentration of
PM,, of CO, and O, were correlated. Choudhury et al. (1997) examined insurance claims data in
Anchorage, Alaska for medical visits for asthma, bronchitis, and upper respiratory infection over
a three year period in relation to 24-hr PM,, concentration. No other pollutants were examined.
They concluded that fall is positively associated with asthma visits, but not winter, and suggest
that PM,, levels are less during the winter when the ground is covered with snow and ice.

Garty et al. (1998) report a study in Israel of emergency room visits for acute asthma
attacks of asthmatic children age 1 to 18 years for January 1 to December 31, 1993 in relation to
pollutant levels. No significant correlation with concentration of particulate was observed. The
authors comment that airborne particle levels (50% with size less than 10 ym fluctuated around a
rather constant level without outstanding peaks or troughs. An exceptionally high incidence of
ER visits of asthmatic children, observed during September, coincided with the beginning of the
school year, possibly due to an increase in the number of viral illnesses. The correlation between

ER visits and pollutants increased significantly when the September peak was excluded.
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Tenias et al. (1998) studied the association between hospital emergency visits for asthma
and air pollution (black smoke, SO,, NO,, O,) in Valencia, Spain during the period 1994-95
using the APHEA analysis approach that takes into account potential confounding factors. For
an increase in smoke of 10 pg/m’ at lag 0 over the whole period a relative risk of 1.025 (95%
CIL.0. 981 to 1.072) was found, with higher rates in cold months versus warm months. Based on
a three year series analysis during the cold months, when PM levels are highest, the relative risk
estimated for an increase of 10 ug/m’ (lag 0) was 1.049 (95% CI 1.008 to 1.093).

In London, Atkinson et al. (1999) studied the association between the number at daily visits
to accident and emergency departments for respiratory complaints and measures of outdoor air
pollution to include PM,,, NO,, SO, and CO. They examined different age groups and reported
the strongest association for children for visits for asthma, but were unable to separate the effects
of PM,, and SO,. Pollen levels did not influence the results.

Two studies examined methodological aspects of medical visit studies. Stieb et al. (1998a)
examined the occurrence of bias and random variability in diagnostic classification of air
pollution and daily cardiac respiratory emergency department visits such as asthma, COPD
respiratory infection and cardiac. They concluded that there was no evidence of diagnostic bias
in relation to daily air pollution levels. Stieb et al. (1998b) report that in a population of adults
visiting an emergency department with cardiac respiratory disease, fixed site sulfate monitors
appear to accurately reflect daily variability in average personal exposure to particulate sulfate,
while particulate acid was not as well represented by fixed site monitors.

Minshew and Towle (1999) and Mulla et al. (1998) report health outcomes related to
wildfires in Florida during June and July 1998. The frequency of selected conditions reported by
hospital emergency rooms in Volusia and Flagler counties were reported for the same period of
days in 1997 June 1 - July 6 to compare for the same time period during the wildfires in 1998.
For example, asthma reports increased from 77 to 147; bronchitis from 28 to 65; and shortness of
breath from 68 to 90, but no specific pollutant data were examined.

As mentioned at the outset of this section, there is also information from new studies that
look at primary care setting doctor visits. Medina et al. (1997) examined short-term relationships
between doctors' house calls and urban air pollution in Greater Paris for the period 1991-95.
Poisson regressions were employed with nonparametric smoothing functions controlled for time

trend, seasonal patterns, pollen counts, influenza epidemics, day-of-week, holidays, and weather.
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The relationship between asthma house calls and air pollution was stronger for children.

A relative risk of 1.32 [95% confidence interval (CI) = 1.17-1.47)] was observed for an increase
from the 5th to the 95th percentile (7-51 pg/m’) in daily concentrations of black smoke (BS).
The risks for 24-hr sulfur dioxide, nitrogen dioxide, and PM,, levels were in the same range.
Cardiovascular conditions were concluded to show weaker associations than angina
pectoris/myocardial infarction. Eye conditions were exclusively related to ozone (relative risk of
1.17 (95% C1 1.02-1.33) for the BS range 7-51 ug/m’). In two-pollutant models of asthma house
calls that included BS with, successively, SO,, NO,, and O,, only BS and O, effects remained
stable. These results suggest that the widely documented air pollutant associations noted for
hospital emergency department visits are also applicable to a wider population consulting their
physician, rather than an emergency department.

Another published study looking at effects of air pollution on health in the primary care
setting was conducted Hajat et al. (1999), who evaluated the relationship between daily General
Practice (GP) doctor consultations for asthma and other lower respiratory disease (LRD) and air
pollution in London, UK. Time-series analysis of daily numbers of GP consultations was
performed, controlling for time trends, season factors, day of week, influenza, weather, pollen
levels, and serial correlation. Consultation data were available for between 268,718 and
295,740 registered patients from 45-47 London practices contributing to the General Practice
Research Database during 1992-94. Positive associations, weakly significant and consistent
across lags, were observed between asthma consultations and NO, and CO in children, and PM,,
in adults, and between other LRD consultations and SO, in children. The authors concluded that
there are associations between air pollution and daily concentrations for asthma and other lower
respiratory disease in London. In children, the authors identified the most important pollutants to
be NO,, CO, and SO,. In adults, however, the authors concluded that the only consistent
association was with PM,, (30 ug/m* RR=1.09; 95% CI=1.04-1.15). Moreover, across all of the
various age, cause, and season categories considered in this research, PM,, was the pollutant
most coherent in giving positive pollutant RR estimates for both asthma and other LRD (11 of
12 categories positive) in the single pollutant models considered.

Of these new severe morbidity studies, the two studies of doctors’ visits are most
informative. As the authors of the London study note: “There is less information about the

effects of air pollution in general practice consultations but, if they do exist, the public health
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impact could be considerable because of their large numbers.” Indeed, the Paris doctors’ house
calls and the London doctors’ GP office visits studies both indicate that the effects of air
pollution, including PM, can affect many more people than indicated by hospital admissions
alone. In the London case, comparing the number of admissions from the authors’ earlier study
(Anderson et al., 1996) with those for GP visits in the 1999 study (Hajat et al., 1999) indicates
that there are approximately 24 asthma GP visits for every asthma admission in that city.

In addition, a comparison of the PM,, coefficients indicates that the all ages asthma effect size
for the GP visits (although not statistically different) was approximately thirty percent larger than
that for hospital admissions. Similarly, the number of doctors’ house calls for asthma
approximated 45/day in Paris (based on an average 9 asthma house calls in the SOS-Medocina
data base, representing 20% of the total; Medina et al., [1997]), versus an average 14 asthma
admissions/day (Dab et al., 1996), or a factor of 3 more doctors’ house calls than hospital
admissions. Moreover, the RR for Paris asthma doctors’ house calls was substantially higher
than asthma admissions (RR=1.32 for 43 ©g/m’ BS for house calls vs. RR=1.04 per 100 p.g/m’
BS for hospital admissions). Thus, these two new studies are coherent in supporting the
hypothesis that looking at only hospital admissions and emergency hospital visit effects can
greatly underestimate the numbers of severe respiratory morbidity events in a population due to

acute ambient PM exposure.

6.2.3.4 Key New Hospital Admissions Studies

PM Mass and Composition Studies: Several new studies have evaluated PM associations
with respiratory hospital admissions. These studies have examined various outcomes, including:
total respiratory admissions for all ages; asthma for all ages; total respiratory admissions by age;
Chronic Obstructive Pulmonary Disease (COPD) admissions (usually for patients > 64 yrs.), and;
Pneumonia admissions (for patients > 64 yrs.). While particle mass is the metric most often
employed as the particle pollution index in the U.S. and Canada, some of these new studies have
begun to examine the relative roles of various PM constituents, such as SO,", in the PM-
respiratory hospital admissions association.

Burnett et al. (1997) evaluated the role that the ambient air pollution mix, comprised of
gaseous pollutants and various physical and chemical measures of particulate matter, plays in

exacerbating daily admissions to hospitals for cardiac diseases and for respiratory diseases
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(tracheobronchitis, chronic obstructive long disease, asthma, and pneumonia). They employed
daily measures of fine and coarse particulate mass, aerosol chemistry (sulfates and acidity), and
gaseous pollution (ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide) collected in
Toronto, Ontario, Canada, in the summers of 1992, 1993, and 1994. After adjusting the
admission time series for long-term temporal trends, seasonal variations, the effects of short-term
epidemics, day-of-week effects, and ambient temperature and dew point temperature, positive
associations were observed for all ambient air pollutants for both respiratory and cardiac
diseases. Ozone was the most consistently significant pollutant, and least sensitive to adjustment
for other gaseous and particulate measures. The PM associations with the respiratory hospital
admissions were significant for PM,, (RR=1.11for A=50 nug/m’; CI=1.05-1.18), PM, ; (RR=1.09
for A=25 pg/m’; CI=1.03-1.14), PM,, _, s (coarse) mass (RR=1.13 for A=25 ug/m*; CI=1.05-
1.21), sulfate levels (RR=1.11 for A=155 nmoles/m*=15 ug/m?; CI=1.06-1.17), and aerosol
acidity (RR=1.40 for A=75 nmoles/m’= 3.6 ug/m’, if as H,SO,; CI=1.15-1.70).

The study’s authors dismissed these various PM associations with adverse health effects
based on subsequent regression models that included all recorded pollutants simultaneously, but
those simultaneous coefficients and confidence intervals may be somewhat suspect, given high
intercorrelations that can exist across the various pollutant coefficients in such a many-pollutant
model. The two-pollutant model results are probably more useful in assessing pollutant
interactions. The authors also concluded that the individual particle mass and chemistry could
not be separated as independent risk factors in the exacerbation of cardio-respiratory diseases in
this study. However, even after the simultaneous inclusion of ozone in the model, the
associations with the respiratory hospital admissions were still significant for PM,, (RR=1.10;
CI=1.04-1.16) fine mass (RR=1.06; CI=1.01-1.12), coarse mass (RR=1.11; CI=1.04-1.19),
sulfate levels (RR=1.06; CI=1.0-1.12), and aerosol acidity (RR=1.25; CI=1.03-1.53), using the
same increments. Of the PM metrics considered here, aerosol acidity yields the highest RR
estimate, despite having the lowest mass concentration increment.

Schwartz (1996) sought to replicate previous PM,, health effects findings in a location
where SO, concentrations were relatively low, and the correlation between both airborne
particles and ozone with temperature was considerably less than in previous studies. Daily
counts of admissions to all hospitals in Spokane, WA for respiratory disease (ICD9 codes

460-519) for persons age 65 years and older were studied. Daily concentrations of PM,, and O,
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were each averaged across all monitors in the city. SO, concentrations in Spokane were so low
that monitoring had been discontinued. Daily respiratory admission counts were regressed on
daily average temperature and humidity, day of the week indicators, and air pollution. Long
wavelength patterns were addressed using a nonparametric smooth function of day of study. The
U-shaped dependence of admissions on temperature and/or humidity was addressed using
nonparametric smooth functions of weather variables. Both same-day PM,, and two-day lagged
O, were associated with increased risk of respiratory hospital admissions (RR = 1.085; 95%
CI=1.036-1.136 for a 50-g/m’ increase in PM,,, and RR = 1.244; 95% CI = 1.002-1.544 for a
50-ug/m’ increase in peak-hour ozone). The PM,, association was insensitive to alternative
methods of control for weather, including exclusion of extreme temperature days and control for
temperature on multiple days. The O, results were more sensitive to the approach for weather
control. The author noted that the magnitude of these PM,, effects, in a location where SO, was
low and where the correlation between PM,, and temperature was close to zero, was similar to
that reported in other locations in the eastern United States and Europe, where confounding by
weather and SO, might be a more substantial concern.

Dab et al. (1996) considered daily hospital admissions to public hospitals due to respiratory
causes in Paris, France during 1987-92. Air pollution was monitored by measurement of black
smoke (BS) (15 monitoring stations), sulfur dioxide (SO,), nitrogen dioxide (NO,), particulate
matter less than 13 micrometers in diameter (PM,;), and ozone (O,). The statistical analysis was
based on a time series procedure using linear regression modeling followed by a Poisson
regression. Meteorological variables, epidemics of influenza, and strikes of medical staff were
included in the models. An increase in the mean daily concentration of PM,; of 100 ng/m’
increased the risk of hospital admissions due to all respiratory diseases by 4.5%
(CI=1.004-1.087), and the BS association was similar (4.1% per 100 ug/m*; CI = 1.007-1.075).
SO, levels consistently influenced hospital admissions for all respiratory diseases, chronic
obstructive pulmonary disease, and asthma, but no multiple pollutant models were presented.
Asthma was significantly correlated with NO, levels, but not PM,;. For the all respiratory causes
category, the authors found “the strongest association was observed with PM,;” for both hospital
admissions and mortality, indicating a coherence of association.

Moolgavkar et al. (1997) investigated the association between air pollution and hospital

admissions for chronic obstructive pulmonary disease and pneumonia among the elderly in
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Minneapolis-St. Paul, MN, and Birmingham, AL, during January 1, 1986 to December 31, 1991.
Pollutants included were PM,,, SO,, NO,, O,, and CO in Minneapolis-St. Paul, and PM,,, O,,
and CO in Birmingham. After adjusting for temperature, day of week, season, and temporal
trends, a positive but non-significant association between air pollution and hospital admissions
for respiratory causes in Birmingham was found. In contrast, air pollution was significantly
associated with hospital admissions for respiratory causes in Minneapolis-St. Paul. Among the
individual pollutants, O, was most strongly associated with admissions (t=4.4), and this
association was robust in the sense that it was little affected by the simultaneous consideration of
other pollutants. PM,,, SO,, and NO, were also associated with hospital admissions (but not
CO), although none were singled out by the authors as being more important than the others.

In the Minneapolis-St. Paul analysis, PM,, was significantly and positively associated with total
daily COPD and Pneumonia admissions among the elderly, even after the simultaneous inclusion
of O;. When four pollutants were included in the model (PM,,, SO,, O;,and NO,), all pollutants
remained positively associated with hospital admissions, but only O, remained statistically
significant. However, the usefulness of significance tests in such many-pollutant models is
suspect, given the intercollinearities of the various pollutants over time.

Asthma hospital admission studies conducted in various communities provide additional
new data. A unique study by Sheppard et al. (1999) evaluated relationships between measured
ambient pollutants (PM,,, PM, 5, PM,,, 5, SO,, O, and CO) in Seattle Washington and non
elderly (<65 years of age) hospital admission, with a principal diagnoses of asthma. Daily
hospital admission to local hospitals for area residents for 1987-94 were regressed on the
pollutants in a poisson regression model with control for time trends, seasonal variations, and
temperature related weather effects. They report an estimated 4-5% increase in the rate of
asthma hospital admission associated with an interquarterly range change in PM (19 ug/m’
PM,,,11.8 ug/m* PM, ,, and 9.3 ug/m’ PM,,, ) lagged 1 day with relative rates as follows: for
PM,,, 1.05 (95% CI=1.02 - 1.08) for PM, 5, 1.04 (95% CI=1.02 - 1.07) and for PM,, 5
1.04 (95% CI=1.01 - 1.07). The highest increase in risk was in the spring and fall season.

PM and CO were found to be jointly associated with asthma admission. Course particle mass,
PM,,, s was calculated as the difference between weighed PM,, and PM, 5 values. Daily

admission for asthma averaged 2.7.
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Lumley and Heagerty (1999) illustrate the effect of reliable variance estimation on data
from hospital admissions for respiratory disease on King County, WA for eight years (1987-94),
together with air pollution and weather information. However, their weather controls were
relatively crude (i.e. seasonal dummy variables and linear temperature terms). They concluded
that valid inference is possible in regression models for correlated data when the true dependence
structure is unknown. This study is notable for having compared sub-micron PM (PM, ;) versus
coarse PM,,, ,, finding significant hospital admission associations only with PM, ,.

Jamason et al. (1997) study weather/asthma relationships in the New York Standard
Metropolitan Statistical Area (SMSA) using a synoptic climatological methodology. This
procedure relate homogenous air masses to daily counts of overnight asthma hospital admission.
Air pollution is reported as having, little impact on asthma during fall and winter. During spring
and summer the high risk categories are association with high concentration of various pollutant
(i.e., PM,,, SO,, NO,). In a London study, airborne pollen did not confound the analysis of air
pollution to (including black smoke) and daily admissions for asthma during the time period
1987-1992. (Anderson et al., 1998).

Rosas et al. (1998) report a statistical analysis of the relationships between emergency
admissions for asthma to a hospital in Mexico City and daily average airborne concentrations of
pollen, fungal spores, air pollutants (O,, NO,, SO,, and PM,,) and weather factors. The analysis
used environmental data averaged over the day of admission and the 2 previous days. However,
long-wave influences were not addressed, except for the division of the data by season, which
likely resulted in uncontrolled confounding. Perhaps as a result, there were few statistical
associations between asthma admissions and air pollutants for the three age groups studied
(children under 15 years, adults, and seniors [adults over 59 years]) in either season.

Morgan et al. (1998a) studied air pollution and hospital admissions in Sydney, Australia,
from 1990 to 1994, using Poisson regression that allows for overdispersion and autocorrelation.
A light scattering index was used as the PM metric. An increase in daily maximum 1-hour
particulate concentration (lag 0) from the 10th to the 90th percentile was associated with an
increase of 3.0% (P = 0.08) in COPD admissions. Daily new particulate concentration (lag 0)
from the 10th to the 90th percentile were associated with a significant increase (2.8%) in heart
disease admissions in the elderly (65+ years). The estimates of the effects of particulate or

COPD and heart disease admissions were reduced in the multiple pollutant models.
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Gwynn et al. (1998) considered a two-and-a-half year period (May 1988-Oct. 1990) in the
Buffalo, NY region in a time-series analysis of daily mortality and hospital admissions for the
total, respiratory, and circulatory categories. Pollutants considered included: PM,,, H", SO,
CoH, O,, CO, SO,, and NO,. The H'and SO, concentrations were determined from daily PM, ,
samples that were, unfortunately, not analyzed for mass (in order to avoid possible acid
neutralization). Various modeling techniques were applied to control for confounding of effect
estimates due to seasonality, weather and day-of-week effects. They found multiple significant
pollutant-health effect associations, the most significant being between SO, and respiratory
hospital admissions. When calculated in terms of the increments employed across studies in this
report, the various PM RR’s were: H” RR=1.06, 95% C.1.=1.03-1.09 (for A=75 nmoles/m’=
3.6 ug/m’, if as H,S0,); SO,” RR=1.06, 95% C.1.=1.03-1.09 (for A=155 nmoles/m’=15 ug/m’);
and, PM,, RR=1.11, 95% C.1.=1.05-1.18(for A=50 ng/m?). These associations were not
significantly affected by the inclusion of gaseous co-pollutants into the regression model. Thus,
all PM components considered except CoH were found to be associated with increased hospital
admissions, but H', SO, and O, had the most coherent associations with respiratory admissions.

Braga et al. (1999) studied hospital admission for children under 13 years of age in
Sdo Paula, Brazil in 112 hospitals from October 1992 to October 1993 in relation to daily levels
of PM,,, O,, SO,, CO, and NO,. The mean levels of PM10 observed of 70 ng/m* were
associated with an increase of 12% in respiratory admissions. High degrees of interdependence
among co-pollutants (independent variables) were observed (PM,,-SO,: 0.73; PM,,-CO: 0.6;
PM,,-NO,: 0.53). A three pollutant model (PM,,, O,, CO) yielded coefficients that decreased in
magnitude and loss of statistical significance. The number of hospital admissions in this study
do not reflect the actual health demand observed in the study period, but the number of
procedures paid by the state. Thus, the total number of people who could be affected by
pollutants remain unknown.

Wordley et al. (1997) examined the presence and magnitude of any relation between short-
term variations in ambient concentrations of PM,, and hospital admissions and mortality in
Birmingham, UK. Air pollution data were taken from a national network monitoring station
between 1 April 1992 and 31 March 1994. Daily total hospital admissions for the same period
for asthma, bronchitis, pneumonia, chronic obstructive pulmonary disease (COPD), acute

ischaemic heart disease, acute cerebro-vascular disease, all respiratory conditions, and all
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circulatory conditions were obtained from the West Midlands Regional Health Authority.
Multiple linear regression models were constructed after adjusting for confounding factors (day
of week, month, linear trend, relative humidity, and temperature). Relative risks of admission at
various thresholds of PM,, were calculated with the model by comparing the risk of admission
over the threshold with the mean risk of admission over the whole period. Potential public health
benefits at various thresholds were also calculated with the model to predict the number of
admissions that could be avoided if, on each day that PM,, had exceeded that threshold, it had
instead been kept at the threshold level. Significant associations were found between all
respiratory admissions, cerebro-vascular admissions, and bronchitis admissions and PM,, on the
same day. Pneumonia, all respiratory admissions, and asthma admissions were significantly
associated with the mean PM,, values for the past three days. The effect of a 10 ug/m’ rise in
PM,, was estimated to represent a 2.4% increase in respiratory admissions, a 2.1% increase in
cerebro-vascular admissions, and a 1.1% increase in all causes mortality. Neither regression
results for other pollutants, nor multiple pollutant models, were presented. Other air pollutants
were reportedly examined, but, according to the authors, “these did not have a significant
association with health outcomes independent from that of PM,,,.

Jacobs et al. (1997) report that increases in rice straw burn acreage were shown to be
associated with hospital admissions for asthma in Butte County, CA during a decade of
observation. However, rice burning was not correlated with criteria pollutants (i.e., PM,, did not
show a statistically significant elevation for risk to admissions with asthma).

The results of these new PM mass studies are generally consistent with and supportive of
the studies presented in the last PM AQCD (U.S. Environmental Protection Agency, 1996)
showing significant associations between increased risk of hospital admissions and ambient PM

exposure, indexed by various PM metrics.

The APHEA Black Smoke Studies

There have been a large number of new time-series studies examining the air pollution-
hospital admissions association in Europe, but many of these studies have relied primarily on
Black Smoke (BS) as their PM metric. BS is mainly an indicator of particulate carbon
concentration in the atmosphere, but the relationship between airborne carbon and total mass of

PM overall aerosol composition varies from locality to locality, and is likely very different
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between Europe and the U.S., due largely to differences in local PM source characteristics (e.g.,
between gas and diesel powered automobiles). Therefore, while these European BS-health
effects studies are of qualitative use in evaluating the PM-health effects association, they are not
as useful for quantitative assessment of the health effects of PM in North America.

The most recent European air pollution health effects studies have been conducted as part
of the “Air Pollution and Health, a European Approach” (APHEA) study which considers
15 European cities from 10 different countries with a total population of over 25 million.

All studies used a standardized data collection and analysis approach which included:
consideration of the same suite of air pollutants (BS, SO,, NO,, SO,, and O,) and the use of
time-series regression addressing: seasonal and other long-term patterns; influenza epidemics;
day of the week; holidays; weather; and, autocorrelation (Katsouyanni et al., 1996).

Anderson et. al (1997) investigated the short-term effects of air pollution on hospital
admissions for chronic obstructive pulmonary disease (COPD) in the APHEA cities. For all
ages, the relative risks and 95% confidence limits (95% CL) for a 50 ug/m® increase in daily
mean level of pollutant (lagged 1-3 days) were: SO, RR=1.02 (0.98, 1.06); BS RR=1.04 (1.01,
1.06); TSP RR=1.02 (1.00, 1.05), NO, RR=1.02 (1.00, 1.05); and, O (8 h) 1.04 (1.02, 1.07).
Models estimating effects of multiple pollutants simultaneously were not considered. The results
for particles and ozone are broadly consistent with those from North America, though the
coefficients for BS and TSP are substantially smaller.

Schouten et al. (1996) examined short-term effects of air pollution on emergency hospital
admissions for respiratory disease in two APHEA cities in the Netherlands during the period
1977-89. Black smoke did not show any clear associations with admissions in Amsterdam, while
in Rotterdam it was positively but not significantly related to the number of admissions. The
authors concluded that the results show that the relation between short-term air pollution and
emergency hospital admissions is not always consistent at these rather low levels of air pollution
(BS-24 h values averaged 14 ug/m’; range 1-84 ng/m’).

Spix et al. (1998) considered several years of hospital admissions data for all respiratory
causes ( ICD 460-519) from five West European APHEA cities (i.e., London, Amsterdam,
Rotterdam, Paris, Milan). The age groups studied were 15-64 yr (i.e., younger adults) and
65 + yr (older adults). The air pollutants studied were SO,, particles (i.e., BS or total suspended

particles), O,, and NO,. The most consistent and strongest finding was a significant increase in
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daily admissions for respiratory diseases (adults and elderly) with elevated levels of O;. This
finding was stronger in the elderly, had a rather immediate effect (same or next day), and was
homogeneous over cities. For PM, a meta-analysis of the various cities’ results for TSP found no
overall significant associations in these groups for this outcome, while the daily mean of BS was
significant for young adults (50 xg/m* RR=1.028; CI 1.006-1.051), but not for the elderly

(50 ug/m* RR=1.020; CI1 0.996-1.046). In by-season analyses, it was found that the BS
association in younger adults was significant in the cold season only (50 xg/m’ RR=1.04;
CI1.02-1.07), while the PM-admissions association was significant for older adults in the warm
season (50 ug/m’ RR=1.07; CI 1.00-1.15). The authors found that the ozone results were in good
agreement with the results of U.S. studies, but no conclusion related to an overall particle effect
could be drawn based on these BS and TSP results.

Sunyer and colleagues (1997) analyzed urban air pollution and emergency admissions for
asthma during 1986-92 in the APHEA cities of Barcelona, Helsinki, Paris and London. Daily
counts of asthma admissions in adults (aged 15-64 years) and children (< 15 years) were
considered. Daily admissions for asthma increased significantly with increasing ambient levels
of NO, in adults, and with NO, and SO, in children. For a 50 ug/m® increase in BS, a
consistently positive (i.e., RR>1.0) but overall non-significant association was observed in all
cities for both children (RR=1.03, 95% CI 0.99-1.08) and adults (RR=1.02, 95% CI 0.99-1.06).
The authors indicated that their findings of less significant PM-health effects associations than
found elsewhere could be explained by the use of black smoke as the indicator, since presumably
the proportion of unmeasured biologically active non-black particles varies on a day-to-day basis.

The general coherence of the above-described APHEA results with other results gained
under different conditions strengthens the argument for causality in the air pollution-health
effects association. Unfortunately, the general use of the less comparable TSP and BS as PM
indicators in these studies diminishes the quantitative usefulness of these analyses in evaluating

the associations between PM and health effects elsewhere, such as in the U.S.

Low Birth Weight Studies

Several studies examine low birth rate and related endpoints. Bobak and Leon (1998)
conducted an ecological study of TSP levels and stillbirth and low birth weight (<2,500 g) in the
Czech Republic for 1986-88. The stillbirth rate was not associated with any air pollutants. In a
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model with all pollutants, only SO, was significantly related to low birth weights. The author
notes the biological mechanisms for such an effect are not clear. Ritz and Yu (1999) report that
the relation between CO and low birth rate appeared more pronounced after adjustment for
concurrent exposure to NO,, PM,,, and ozone. Between 1986 and 1991, Wang et al. (1997)
studied in Beijing, China, low birth weight due to pollutants (TSP, SO,) exposure during the
third trimester of pregnancy. The adjusted odds ratio for low birth rate (<2,500 g) was

1.10 (95% CI; 1.05-1.14) for every 100 pg/m’ increase in TSP. Biological mechanisms whereby
air pollution may be associated with low birth weights remain to be elucidated. Xu et al. (1995)
studied the effects of TSP and SO, levels on preterm delivery in Beijing, China, from early
pregnancy until delivery in 1988. The analyses yielded a significant dose-dependant association
between gestational age and SO, and TSP levels. The adjusted odds for preterm delivery for
each 100 pg/m’® increase in TSP was 1.10 (95% CI = 1.01-1.20). The authors concluded that
high levels of TSP and SO, or a more complex pollution mixture appear to contribute to excess

risk of preterm delivery in this population.

6.2.3.5 Syntheses of Comparable Hospital Admissions PM ,, and SO, Studies

Among the studies discussed above and those summarized in the previous PM AQCD
(U.S. Environmental Protection Agency, 1996), those judged most useful for the quantitative
evaluation of the size and significance of the PM,, association with emergency hospital
admissions (i.e., studies that considered comparable age and cause categories) are listed in
Table 6-20. The available studies for SO, are similarly listed in Table 6-21. Too few PM, ,
studies were available to develop such a table for PM, s, but SO, is a strong indicator of PM, ;
concentrations in many locales. Also noted in each table for each study listed are the reported
RR estimates (and their respective 95% confidence intervals) for the various health outcome
categories most commonly considered by the various studies (e.g., all age total respiratory
admissions).

Tables 6-22 and 6-23 present the results of a mathematical synthesis of the various studies
listed in Tables 6-20 and 6-21 for hospital admissions and PM,, and SO,, respectively. These
are selected because there are three or more studies with results for these outcomes and
pollutants, warranting an overall synthesis of results. In these syntheses, a single overall

combined estimate is calculated from a weighted aggregation of the available studies for each
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TABLE 6-20. COMPARABLE RESPIRATORY HOSPITAL ADMISSIONS

PM,, STUDIES
Two Pollutant Models
Single Pollutant Models (with O,)
50 ug/m’ 50 ug/m’
Study Area/Period Outcome RR 195 u95s RR 195 u95
Thurston et al. (1994) Toronto, Ontario Respiratory 1.23 1.02 1.44 1.22 0.99 1.37
summers (86-88) (all ages)
Dab et al. (1996 ) Paris, France Respiratory 1.04 1.00 1.08
(1987-92) (all ages)
Burnett et al. (1997a) Toronto, Ontario Respiratory 1.11 1.05 1.18 1.10 1.04 1.16
(1992-94) (all ages)
Wordley et al. (1997) Birmingham, Respiratory 1.12 1.06 1.19
England (92-94) (all ages)
Gwynn et al. (1998) Buffalo, NY Respiratory 1.11 1.04 1.190 1.14 1.04 1.24
(1988-90) (all ages)
Thurston et al. (1994) Toronto, Ontario Asthma 1.14 0.94 1.34 1.02 0.96 1.26
summers (86-88) (all ages)
Dab et al. (1996) Paris, France Asthma 0.99 0.95 1.03
(1987-92) (all ages)
Wordley et al. (1997) Birmingham, Asthma 1.17 1.04 1.36
England (all ages)
(1992-1994)
Schwartz (1995) Spokane, WA Respiratory 1.08 1.04 1.14
(1988-90) >65yrs
Schwartz (1995) New Haven, CT Respiratory 1.06 1.00 1.13 1.07 1.01 1.14
(1988-90) >65yrs
Schwartz (1995) Tacoma, WA Respiratory 1.10 1.03 1.17 1.11 1.02 1.20
(1988-90) >65yrs
Moolgavkar et al. Minneapolis, MN Respiratory 1.09 1.05 1.13 1.07 1.03 1.11
(1997) (1986-91) >65yrs
Moolgavkar et al. Birmingham, AL Respiratory 1.03 0.99 1.07
(1997) (1986-91) >65yrs
Schwartz (1996) Spokane, WA Pneumonia 1.05 0.99 1.13
1988-90 >65yrs
Schwartz (1993) Birmingham, AL Pneumonia 1.09 1.03 1.15
(1986-89) >65yrs
Schwartz (1994a) Minneapolis-St. Paul, Pneumonia 1.08 1.015 1.15 1.08 1.01 1.15
MN >65yrs
(1986-89)
Schwartz (1994b) Detroit, MI Pneumonia 1.06 1.02 1.10
(1986-89) >65yrs
Schwartz (1995) Spokane, WA COPD 1.17 1.08 1.27
(1988-90) >65yrs
Schwartz (1993) Birmingham, AL COPD >65yrs 1.13 1.04 1.22
(1986-89)
Schwartz (1994a) Minn.-St. Paul, MN COPD >65yrs 1.10 0.99 1.23 1.25 1.10 1.43
(1986-89)
Schwartz (1994b) Detroit, MI COPD >65yrs 1.10 1.05 1.17
(1986-89)
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TABLE 6-21. COMPARABLE RESPIRATORY HOSPITAL ADMISSIONS

SO, STUDIES
Two Pollutant Models
Single Pollutant Models (with O;)
15 ug/m’ 15 ug/m’
Study Area/Period Outcome RR 195 u9s RR 195 u9s
Burnett et al. Ontario, Canada Respiratory 1.04 1.03 1.06 1.03 1.02 1.05
(1995) (83-88) (all ages)
Thurston et al. Buffalo, NY Respiratory 1.07 1.02 1.11
(1992) Summers (all ages)
(88-89)
Thurston et al. New York, NY Respiratory 1.01 1.00 1.02
(1992) Summers (all ages)
(88-89)
Thurston et al. Toronto, Canada Respiratory 1.11 1.00 1.23 1.07 0.99 1.15
(1994) Summers (all ages)
(86-88)
Gwynn et al. Buffalo, NY Respiratory 1.06 1.03 1.09 1.14 1.08 1.21
(1998) (1988-90) (all ages)
Burnett et al. Toronto, Canada Respiratory 1.11 1.06 1.17 1.06 1.00 1.12
(1997) (1992-94) (all ages)
Thurston et al. New York, NY Asthma 1.02 1.00 1.03
(1992) Summers (all ages)
(88-89)
Thurston et al. Buffalo, NY Asthma 1.02 0.98 1.15
(1992) Summers (all ages)
(88-89)
Thurston et al. Toronto, Canada Asthma 1.11 0.99 1.23 1.04 0.91 1.18
(1994) Summers (all ages)
(92-94)
Burnett et al. Ontario, Canada Asthma 1.04 1.02 1.07
(1995) (1983-88) (all ages)
Bates and Sizto ~ Ontario, Canada Respiratory 1.03 0.99 1.05
(1987) (1983-88) <15yrs
Burnett et al. Ontario, Canada Respiratory 1.04 1.02 1.06
(1995) (1983-88) 15-64yrs
Burnett et al. Ontario, Canada Respiratory 1.04 1.02 1.07
(1995) (1983-88) >64yrs
Burnett et al. Ontario, Canada COPD 1.06 1.02 1.08
(1995) (1983-88) (all ages)
* Pollutant increment (in ©g/m®) used to calculate the presented RR.
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TABLE 6-22. SYNTHESIS OF COMPARABLE TIME-SERIES
HOSPITAL ADMISSIONS STUDIES’ ESTIMATES OF RELATIVE
RISK DUE TO PM,, EXPOSURE

(per 50 pug/m?)
Single Pollutant Model Two Pollutant Model (with O,)
Hospital
Admissions Number Pooled Pooled Pooled Pooled Pooled Pooled
Category of Studies RR L95% U95%RR RR L95% U95% RR
Respiratory 5 1.10 1.05 1.15 1.12 1.07 1.17
(all ages)
Asthma 3 1.07 0.95 1.21 1.02 0.96 1.25
(all ages)
Respiratory 4 1.08 1.06 1.11 1.07 1.04 1.10
(>64yrs.)
Pneumonia 4 1.08 1.04 1.12 1.07 1.03 1.10
(>65 yrs.)
COPD 4 1.14 1.08 1.19 1.15 1.03 1.31
(>65yrs.)
TABLE 6-23. SYNTHESIS OF COMPARABLE TIME-SERIES
HOSPITAL ADMISSIONS STUDIES’ ESTIMATES OF RELATIVE
RISK DUE TO SO, EXPOSURE
(per 15 ug/m®)
Single Pollutant Model Two Pollutant Model (with O,)
Hospital
Admissions Number Pooled Pooled Pooled Pooled Pooled Pooled
Category of Studies RR L95% U95%RR RR L95% U95% RR
Respiratory 6 1.06 1.03 10.9 1.05 1.03 1.07
(all ages)
Asthma 4 1.03 1.01 1.05 N/A N/A N/A
(all ages)

N/A = No studies available that provide results for this category.

pollutant and health outcome. To obtain these combined estimates, we used a two-stage random
effects model approach, as suggested by DerSimonian and Laird (1986) to take into account the

among-studies variance.
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The syntheses in Tables 6-22 and 6-23 indicate reasonably consistent RR effect sizes for
PM,, and SO, (i.e., within their respective confidence intervals) across admissions categories.
However, the aggregate PM,, RR’s are not significant for the asthma category, while there is a
suggestion that the PM,, RR may be larger for the elderly with COPD than for other respiratory
admissions categories. For SO, , both asthma and total respiratory admissions have aggregate
RR estimates that are significant. Comparing the aggregate PM,, and SO, results in Tables 6-22
and 6-23 collectively suggests that, although the differences between these two components’
RR’s are not statistically significant, the aggregate PM,, respiratory admissions RR effect sizes in
these tables are approximately double those for SO,”. However, the concentration increment
employed for PM,, in these calculations (50 pg/m?) is more than three times the SO,
concentration increment employed (15 pg/m’), which suggests that the SO,” effect size may be

larger than for PM,, overall, when viewed on an equal weight basis.

6.2.3.6 Overall Conclusions

The results of these new PM mass studies are generally consistent with and supportive of
the studies presented in the previous PM AQCD (U.S. Environmental Protection Agency, 1996).
Moreover, mathematical syntheses of multiple hospital admissions studies for the various age
and disease categories (including relevant studies from the previous CD) were conducted as part
of this new review. Overall, it was found that significant and reasonably consistent RR effect
sizes (i.e., within their respective confidence intervals) were generally found across admissions
categories for both PM,, and SO,". As discussed by Hill (1965), such coherence across outcomes
and among multiple studies conducted in different places by different investigators are supportive
of the conclusion that these associations are caused by PM mass or a closely related pollutant
correlate.

Hospital admissions studies considering multiple PM components were also evaluated in
order to try to assess the relative roles of the various components in the reported PM-health
effects associations (in those studies where multiple PM components were considered). These
results indicated that sulfates and acidic aerosols were often among the PM metrics most strongly
associated with respiratory morbidity.

The doctors’ visits studies in Paris (Medina et al., 1997) and London (Hajat et al., 1999)

indicate that the use of hospital admissions alone can understate the total severe morbidity effects
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of air pollution. In both Paris and London, the number of doctors’ visits amount to many times
the number of hospital admissions. Moreover, the Paris Black Smoke RR for asthma doctors
visits was actually much higher than that for asthma hospital admissions (doctors’ visits
RR=1.74 for 100 pg/m’, versus hospital admissions RR=1.04). Thus, these results support the
hypothesis that considering only hospital admissions and emergency hospital visit effects may
greatly underestimate the numbers of medical visits occurring in a population as a result of acute

ambient PM exposure.

6.2.4 Cardiovascular Effects Associated with Acute Ambient PM Exposure
6.2.4.1 Introduction

Very little information specifically addressing acute cardiovascular morbidity effects of PM
existed at the time of the 1996 PM AQCD. While the literature still remains relatively sparse, an
important new body of data now exists that both extends the available quantitative information
on the ecologic relationship between ambient pollution and hospital admissions and which, more
intriguingly, illuminates some of the physiological changes that may occur on the mechanistic
pathway leading from PM exposure to adverse cardiac outcomes.

This section begins with a brief summary of the conclusions that were reached in the 1996
PM AQCD regarding acute cardiovascular impacts of PM. Next, new studies falling into two
general classes are reviewed: ecologic time series studies of daily hospitalizations in relation to
ambient PM and other pollutants; and individual-level studies of temporal changes in
physiological measures of cardiac function as they relate to ambient pollution. This review is
followed by a discussion of several issues that are important in interpreting the available data,
including the identification of potentially susceptible sub-populations, the roles of environmental
co-factors such as weather and other air pollutants, temporal lags in the relationship between
exposure and outcome, and the relative importance of various size-classified PM sub-
components (e.g., PM, 5, PM,,, PM,,,5). In each case the extent of the available research data

base bearing on the issue is noted, and the current state of knowledge summarized.

6.2.4.2 Summary of Conclusions from 1996 PM AQCD
Just two studies were available for review in the 1996 PM AQCD that provided data on

acute cardiovascular morbidity outcomes (Schwartz and Morris, 1995; Burnett et al., 1995).
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Both studies were of ecologic time series design using standard statistical methods. Analyzing
four years of data on the > 65 year old Medicare population in Detroit, MI, Schwartz and Morris
(1995) reported significant associations between ischemic heart disease admissions and PM,,,
controlling for environmental covariates. Based on an analysis of admissions data from

168 hospitals throughout Ontario, Canada, Burnett and colleagues (1995) reported significant
associations between particle sulfate concentrations, as well as other air pollutants, and daily
cardiovascular admissions. The relative risk due to sulfate particles was slightly larger for
respiratory than for cardiovascular hospital admissions. The AQCD concluded on the basis of
these studies that “There is a suggestion of a relationship to heart disease, but the results are
based on only two studies and the estimated effects are smaller than those for other endpoints.”
(U.S. Environmental Protection Agency, 1996, p. 12-100). The AQCD went on to state that
acute impacts on CVD admissions had been demonstrated for elderly populations (i.e., > 65), but
that insufficient data existed to assess relative impacts on younger populations.

Also relevant to an evaluation of the acute impacts of particles on cardiovascular endpoints
are insights gained from time series studies of daily mortality, which, aside from the outcome
studied, are nearly identical in design and analysis to time series studies of hospitalizations. It is
also probable that acute effects of air pollution on cardiovascular hospitalizations and mortality
follow qualitatively similar etiologic mechanisms.

Several acute mortality studies reviewed in the 1996 AQCD analyzed cause-specific deaths
(usually total cardiovascular and total respiratory) in relation to ambient particle concentrations.
The AQCD noted that, in general, cause-specific analyses “reported higher estimated relative
risks for respiratory and cardiovascular categories than for total or other categories” (U.S.
Environmental Protection Agency, 1996, p. 12-349). It was noted that these findings were
consistent with analyses of case reports from historic air pollution episodes, like the December,
1952 London episode, in which the mortality impacts were greatest among the elderly and those
with pre-existing respiratory and/or cardiovascular disease. A comparative analysis of age- and
cause-specific mortality effects of particles in modern-day Philadelphia with those observed in
the 1952 London episode concluded that the patterns of mortality were largely consistent, once
the order of magnitude difference in exposure levels was taken into account (Schwartz, 1994c,d).

Viewed as a group, the acute morbidity and mortality studies reviewed in the 1996 AQCD

were thus consistent with the notion that acute health risks of PM are larger for cardiovascular
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and respiratory causes than for other causes. Given the tendency for end-stage disease states to
include both respiratory and cardiovascular impairment, and the associated diagnostic overlap
that often exists, it was not possible on the basis of these studies alone to determine which organ

system, if any, was most critically impacted.

6.2.4.3 Review of New Studies
Acute Hospitalization Studies

Four separate analyses of hospitalization data in Canada have been reported since 1995
(Burnett et al., 1995; 1997a,b; 1999). A variety of locations, outcomes, PM exposure metrics,
and analytical approaches were utilized in these four studies, which hinders somewhat our ability
to draw broad, cross-cutting conclusions from the full group of studies.

The first study, reviewed briefly in the 1996 AQCD, analyzed six years of data from
168 hospitals in Ontario, CN. Cardiovascular and respiratory hospital admissions were analyzed
in relation to sulfate and ozone concentrations. Sulfate lagged one day was associated with
cardiovascular admissions, with a percent effect of 2.8 (CI 1.8-3.8) per 13 ug/m’® without ozone
in the model and 3.3 (CI 1.7-4.8) with ozone included. When cardiovascular admissions were
split out into sub-categories, larger associations were observed between sulfates and coronary
artery disease and heart failure than for cardiac dysrhythmias. Sulfate associations with total
admissions were larger for the sub-population > 65 (3.5% per 13 ng/m?) than for those < 65 years
old (2.5% per 13 ug/m®). There was little evidence for seasonal differences in sulfate
associations.

Burnett et al. (1997a) analyzed daily congestive heart failure hospitalizations in relation to
carbon monoxide and other air pollutants (ozone, NO,, SO,, COH) in ten large Canadian cities as
a replication of an earlier U.S. study by Morris et al. (1995). The Canadian study expanded upon
the previous work both by its size (11 years data in each of 10 large cities) and also by including
a measure of particulate matter air pollution (coefficient of haze); no particle data were included
in the Morris et al. study. The study was restricted to the population > 65 years old. The authors
noted that all pollutants except ozone were correlated, making it difficult to statistically separate
them. COH, CO, and NO, measured on the same day as admission (i.e., lag 0) were all strongly

associated with congestive heart failure admissions in univariate models. However, in
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multi-pollutant models, CO remained a strong predictor whereas COH did not. No gravimetric
particle data were included in this analysis.

The roles played by size-selected gravimetric and chemically speciated particle metrics as
predictors of cardiovascular hospitalizations were explored in an analysis of data from
metropolitan Toronto for the summers of 1992-1994 (Burnett et al., 1997b). The analysis
utilized dichotomous sampler (PM, 5, PM,,, and PM,, 5) and hydrogen ion and sulfate data
collected at a central site as well as ozone, NO,, SO,, CO, and COH data collected at multiple
sites in Toronto. Hospital admissions categories included total cardiovascular (i.e., the sum of
ischemic heart disease, cardiac dysrhythmias, and heart failure) and total respiratory. Model
specification with respect to pollution lags was completely data-driven, with all lags and
averaging times out to 4 days prior to admission evaluated in exploratory analyses, and “best”
metrics chosen on the basis of maximal t-statistics.

The relative risks of cardiovascular admissions were positive and generally statistically
significant for all pollutants analyzed in univariate regressions, but were especially significant for
ozone, NO,, COH, and PM,, 5 (i.e., regression t-statistics > 3). Associations involving gaseous
pollutants were generally robust to inclusion of PM covariates, whereas the PM covariates, aside
from COH, were not robust to inclusion of multiple gaseous pollutants. In particular, PM, 5 was
not a robust predictor of cardiovascular admissions in multi-pollutant models. Whereas an
11 wg/m’ increase in PM, 5 was associated with a 3.1 percent increase (t=1.8) in cardiovascular
admissions in a univariate model, the percent effect was reduced to -0.7 (t=0.3) in a model that
included ozone, NO,, and SO,. COH, like CO and NO,, is generally thought of as a measure of
primary motor-vehicle emissions during the non-heating season. The authors concluded that
"particle mass and chemistry could not be identified as an independent risk factor for
exacerbation of cardiorespiratory diseases in this study beyond that attributable to climate and
gaseous air pollution.”

Burnett et al. (1999) reported results of an ambitious attempt to explore cause-specific
hospitalizations for persons of all ages in relation to a large suite of gaseous and particulate air
pollutants using 15 years of data from Toronto. Cardiovascular admissions were split out into
separate categories for analysis, including dysrhythmias, heart failure, and ischemic heart disease.
The analysis also examined several respiratory causes, as well as cerebral vascular diseases and

diseases of the peripheral circulation; the latter categories were included because they should
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show associations with PM if the mechanism of action is related to increases in plasma viscosity,
as suggested by Peters et al. (1997d) (see study review below). The PM metrics analyzed were
PM,,, PM,,, and PM,,, 5 that had been estimated from daily TSP and TSP sulfate data based on a
regression analysis on dichotomous sampling data that were available every sixth day during an
eight-year subset of the full study period. This use of estimated rather than measured PM
components limits the interpretation of the PM results reported here. Model specification for
lags was again data-driven based on maximal t-statistics.

In multi-pollutant models, there were no significant PM associations with any of the three
cardiovascular hospitalization outcomes. For example, while an 18 ug/m’ increase in estimated
PM, ; was associated with a 5.7 percent increase (t-statistic = 6.08) in ischemic heart disease
admissions in a univariate analysis, the PM, ; association was reduced to 1.6 percent (n.s.) when
NO, and SO, were included in the model. The gaseous pollutants generally dominated most
regressions. There also were no associations between PM and cerebral or peripheral vascular
disease admissions. While these PM findings do not speak to the issue of the relative roles of
various size-classified PM components (because all the PM data were estimated from TSP and
sulfates in ways that were not made explicit), they do suggest that a linear combination of TSP
and sulfate concentrations does not have a strong independent association with cardiovascular
admissions when a full range of gaseous pollutants are also modeled. In this sense, these results
are generally consistent with those obtained from the summer Toronto analysis reviewed above
(Burnett et al., 1997b).

The Burnett et al. studies represent the most extensive body of results for PM in
conjunction with multiple gaseous pollutants. While the inconsistent use of alternative PM
metrics in the various analyses confuses the picture somewhat, a general finding is of lack of
robustness of associations between cardiovascular outcomes and PM. This was seen for COH in
the analysis of 10 Canadian cities (Burnett et al., 1997a), for PM, . and PM,, in the analysis of
summer data in Toronto (Burnett et al., 1997b), and for linear combinations of TSP and sulfates
(i.e., estimated PM, 5, PM,,, and PM,, ;) in the analysis of 15 years of data in Toronto (Burnett
et al., 1999). One exception was the associations reported between cardiovascular admissions to
168 Ontario hospitals and sulfate concentrations (Burnett et al., 1995), where the sulfate
association was robust to the inclusion of ozone. However, that study did not include CO in the

regressions, a gaseous pollutant often associated with cardiovascular outcomes in several studies.
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Thus, it is possible that the sulfate results of Burnett et al. (1995) represent confounding by
omitted pollutants. Also, although gravimetric PM variables were not robust predictors in the
Toronto summer analysis, CoH was a robust predictor (Burnett et al., 1997b), perhaps
representing the role of primary motor vehicle emissions. This contrasts however with CoH’s
lack of robustness in the 10-city analysis (Burnett et al., 1997a).

No associations between PM,, and daily ischemic heart disease admissions were observed
by Wordley and colleagues (1997) in an analysis of two years of daily data from Birmingham,
UK. On the other hand, PM,, was associated with respiratory admissions and cardiovascular
mortality during the study period. The inconsistency of results across causes and outcomes is
difficult to interpret, but may relate in part to the relatively short time series analyzed. The
authors stated that gaseous pollutants did not have significant associations with health outcomes
independent of PM; however, no results were presented from models involving gaseous
pollutants.

Associations with PM,, were reported by Morris and Naumova (1998) in their analysis of
four years of congestive heart failure data among people > 65 years old in Chicago, IL. While
the analysis was directed primarily at evaluating modification by temperature of CO effects on
congestive heart failure admissions (building on previous results of Morris et al., 1995), results
were also presented for PM,,, as well as for ozone, NO,, and SO,. As many as eight monitoring
sites were available for calculating daily gaseous pollutant concentrations; however only one site
in Chicago monitored daily PM,,. Only same-day results were presented based on an initial
exploratory analysis showing strongest effects at for same-day pollution exposure (i.e., lag 0).
Strong and robust associations were reported between congestive heart failure admissions and
CO. Associations between hospitalizations and PM,, were observed in univariate regressions
(RR =1.04; C.I. 1.01-1.07), but these diminished somewhat in a multi-pollutant model
(RR =1.02; C.I. 0.99-1.06). Although these results suggest a more robust association with CO
than with PM,,, the observed differences may be explained by differential exposure
misclassification for PM,, (monitored at one site) as compared with CO (eight sites). Thus,
no firm conclusions regarding PM/gaseous confounding are warranted on the basis of this study
alone.

PM,, associations with cardiovascular hospitalizations were also examined in two studies

by Schwartz (1997, 1999a). The 1997 study analyzed three years of daily data for Tucson, AZ
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linking total cardiovascular hospital admissions for persons > 65 years old with PM,,, CO,
ozone, and NO,. As was the case in Chicago, only one site was monitored daily PM,, while
multiple sites were available for gaseous pollutants. Both PM,, and CO were independently (i.e.,
robustly) associated with admissions while ozone and NO, were not. The percent effect of a

23 ug/m’ increase in PM,, changed only slightly from 2.75 (CI 0.52-4.04) to 2.37 (C1 0.08-4.72)
when CO was included in the model along with PM,,,.

Schwartz (1999a) extended the analytical approach used in Tucson to an additional eight
U.S. metropolitan areas, limiting the analysis to a single county in each location to enhance the
representativeness of the air pollution data. The locations analyzed were: Chicago, IL, Colorado
Springs, CO, Minneapolis, MN, New Haven, CT, St. Paul, MN, Seattle, WA, Spokane, WA, and
Tacoma, WA. Again, the analysis focused on total cardiovascular hospital admissions among
persons >65 yr old. In univariate regressions, remarkably consistent PM,, associations with
cardiovascular admissions were observed across the eight locations, with a 25 ug/m’ increase in
PM,, associated with between 1.8 and 4.2 percent increases in admissions. The univariate eight-
county pooled PM,, effect was 2.48 percent (CI 1.81-3.14), similar to the 2.99 percent effect per
25 ug/m® observed in the previous Tucson analysis. In a bivariate model that included CO, the
pooled PM, effect size diminished somewhat to 1.86 percent (CI 1.01-2.71). As was the case in
previous studies (Morris and Naumova, 1998; Schwartz, 1997), the association between
cardiovascular admissions and CO was robust to the inclusion of PM,, in the model.

The PM,, effects were positive in all locations, and statistically significant in New Haven,
Chicago, St. Paul, Spokane, Tacoma, and Tucson, but not in Colorado Springs, Minneapolis, and
Seattle. CO effects were also positive in all locations, and significant in 7 of 9. The PM,, effect
in Minneapolis (2.03%, CI -1.87% to 6.09%) was much smaller than in the immediately adjacent
city of St. Paul (4.19%, CI 1.44% to 7.00%) although not significantly different. The CO effects
show the opposite relationship, larger in Minneapolis (4.09%, CI 1.59% to 6.65%) than in
St. Paul (0.74%, CI -1.84% to 3.39%). CO and PM,, are not strongly correlated in these ‘Twin
Cities’, however, 0.244 in Minneapolis and 0.113 in St. Paul, so that it is unlikely that
collinearity between PM,, and CO accounted for the differences. The PM,, effects in Seattle and
Tacoma are more similar (1.77% vs. 2.63%), but the CO effects are different (4.22%, CI 2.44%
to 6.02% in Seattle, vs. 1.84%, CI 0.24 to 3.46% in Tacoma), even though the correlation
between PM,, and CO is high in both cities (0.642 in Seattle, 0.676 in Tacoma).
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Schwartz (1999a) argues that the low correlation between the effect size estimates and the
PM,,-vs.-CO or PM,,-versus-co-pollutant correlation coefficients is evidence that there is little
confounding across pollutants. However, since the health effects of air pollution may have
different seasonal dependence and may involve complex multivariate relationships among
weather and pollution in the different cities, further examination of this hypothesis may be
required.

Also relevant to the present review of associations between acute cardiovascular morbidity
and PM are nine recent studies of acute cardiovascular mortality (Borja-Aburto et al., 1997,
1998; Michelozzi et al., 1998; Morgan et al., 1998b; Ponka et al., 1998; Schwartz et al., 1996;
Simpson et al., 1997; Wordley et al., 1997; Zmirou et al., 1998). Acute mortality can be viewed
as a more severe manifestation of the same pathophysiologic mechanism, if any, that is
responsible for acute hospital admissions following PM exposure. All nine studies reported
significant associations between acute cardiovascular mortality and measures of ambient PM,
though the PM metrics utilized and the relative risk estimates varied across studies. PM
measurement methods included gravimetrically analyzed filter samples (TSP, PM,,, PM, 5,
PM,,, ), beta gauge (particle attenuation of beta radiation), nephelometry (light scattering), and
black smoke (filter reflectance). Where tested, PM associations appeared to be generally more
robust to inclusion of gaseous covariates than was the case for acute hospitalization studies
(Borja-Aburto et al., 1997, 1998; Morgan et al., 1998b; Wordley et al., 1997; Zmirou et al.,
1998). One study which examined multiple alternative PM metrics reported strongest
associations with PM, 5 and no associations for PM,, s and hydrogen ion. These results for acute
cardiovascular mortality are qualitatively consistent with those reviewed above for hospital

admissions.

6.2.4.4 Individual-Level Studies of Cardiovascular Physiology

Several very recent studies carried out by a variety of groups have reported longitudinal
associations between physiologic measures of cardiovascular function and ambient PM
concentrations. These studies possess several important advantages over the ecologic time-series
studies discussed above, including the measurement of physiologic outcomes on an individual
basis that potentially may yield profound insights into mechanisms, as well as improved

assessment of individual exposures and covariates. Such studies have the capability to assess
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heterogeneity of responses across individuals and to investigate variations in susceptibility as a
function of individual factors such as age and pre-existing health status. Though the populations
studied to date have for the most part been relatively small, the effects that have observed in
association with PM exposures, especially those related to alterations in the balance of
sympathetic and parasympathetic control of the heart, offer the first compelling insights into
possible pathophysiologic mechanisms for PM effects on cardiovascular ill-health in humans.

Three independent studies have recently reported associations between repeated measures
of PM and changes in heart-rate variability in small panels of elderly subjects (Pope et al.,
1999a; Liao et al., 1999; Gold et al., 1998, 1999). Liao and colleagues (1999) studied 26 elderly
subjects (age range: 65-89 years) over three consecutive weeks at a retirement center in
metropolitan Baltimore. 18 subjects were classified as "compromised" on the basis of previous
cardiovascular conditions including hypertension. Daily six-minute resting heart rate data were
collected during which the time between sequential R-R intervals were recorded. A Fourier
transform was applied to the R-R interval data to enable separation of variability (i.e., variance)
into two major components: low frequency and high frequency for separate analysis. PM, 5 was
monitored daily both indoors and outdoors using standard methods. Regression analyses
controlled for inter-subject differences in average variability, in effect allowing each subject to
serve as his/her own control. Statistically significant associations were observed between
decreases in both high and low frequency heart rate variations and PM, 5 concentrations measured
indoors or outdoors. Associations were stronger for the 18 subjects with compromised
cardiovascular health.

Pope and colleagues (1999a) reported similar findings in a panel of six elderly subjects
(plus one younger subject suffering from Crohn's disease) selected from a larger group of
90 subjects who participated in a study of heart rate and oxygen saturation in the Utah Valley
(Pope et al., 1999b). The six elderly subjects ranged in age from 69 to 89 years and had histories
of cardiopulmonary disease. Subjects carried Holter monitors for up to 48 hours during different
weeks that varied in ambient PM,, concentrations. N-N heartbeat intervals were recorded and
used to calculate several measures of heart rate variability in the time domain. PM,, data were
obtained from three sites in the study area. Regression analysis with subject-specific intercepts
was performed, controlling for daily barometric pressure. Two HR measures related primarily to

long-term HR variability were negatively associated with same-day ambient PM,,. Heart rate, as
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well as a measure related primarily to short-term HR variability, were both positively, but less
strongly, associated with PM,,. An effect on HR was also observed in the larger cohort of
90 subjects (Pope et al., 1999b).

Gold and colleagues (1998, 1999) reported decreases in HRV among 21 active elderly
subjects aged 53-87 years in association with PM, ; measured in the two hours prior to physical
exam.

Although differences in the processing and analysis of HR data (e.g., frequency- vs. time-
domain analyses) make it difficult to quantitatively compare results of the above studies, they
imply that PM, or some associated co-pollutant, is associated with alterations in the normal
balance of sympathetic and parasympathetic control of HR variability in susceptible populations
- i.e., the elderly and infirm. Depressions of HR variability have been associated with adverse

cardiac outcomes in prospective studies (Neas, 1999).

6.3 MORTALITY EFFECTS OF PARTICULATE MATTER EXPOSURE
6.3.1 Introduction

The relationship of PM and other air pollutants to excess mortality has been intensively
studied and has played an important role in previous health risk assessments (U.S. Environmental
Protection Agency, 1986, 1996). Mortality is the most severe adverse health endpoint, and in
some ways the easiest to study. Excellent death records are maintained at every level of
government in almost all nations, and records are made available to academic investigators.
Furthermore, from a narrowly technical point of view, individual deaths are more amenable to
statistical analyses, since individual deaths from natural causes (typically respiratory and
cardiovascular diagnoses) are statistically independent except in rare extremely infectious
instances. Individual deaths are also non-recurring events, unlike hospital admissions or
respiratory symptoms.

In this section recent findings are evaluated for the two most important epidemiology
designs by which mortality is studied. Time series mortality studies are discussed in
Section 6.3.2, and prospective cohort studies in Section 6.3.3. The time series studies are most

appropriate to assessing acute responses to short-term PM exposure, although some recent work
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(not yet published) suggests that the time series data sets can be used to examine responses to
exposures over a longer time scale. Time series studies use a community-level response, the total
number of deaths each day, by age or by cause of death. The prospective cohort studies provide a
useful complement to the time series studies. These studies use individual health records, with
adjustments of survival lifetimes or hazard rates adjusted for individual risk factors, but so far

have provided less information about the role of exposures of extended duration.

6.3.2 Mortality Effects of Short-Term Particulate Matter Exposure

6.3.2.1 Summary of 1996 PM Criteria Document Findings on Unresolved Issues

The time-series mortality studies reviewed in the 1996 and past criteria documents
provided strong evidence that ambient air pollution was associated with increases in daily
mortality. The 1996 AQCD summarized 37 PM-mortality time-series studies (of which 13 were
PM,, studies) published between 1988 and 1996. The available information from these studies
were consistent with the hypothesis that PM is a causal agent in the mortality impacts of air
pollution. The PM, relative risk estimates derived from the PM,studies reviewed in the 1996
AQCD suggested that an increase of 50 ug/m’ in the 24-hr average of PM,, is associated with an
increased risk of premature mortality of the order of RR = 1.025 to 1.05 in the general population
(total deaths minus accident/injury). Higher relative risks are indicated for the elderly and for
those with pre-existing respiratory conditions.

While a large number of studies reported PM-mortality associations, there were several
important issues that needed to be addressed in interpreting those relative risks. The 1996
AQCD extensively discussed most critical issues including: (1) seasonal confounding and effect
modification; (2) confounding by weather; (3) confounding by co-pollutants; (4) measurement
error; (5) functional form and threshold; (6) harvesting and life shortening. As the issues related
to model specification became further clarified, increasing numbers of recent studies have
addressed most of the critical issues, and some of the issues were at least partially resolved, while
others required further investigations and additional data. The following paragraphs briefly
summarize the status of these issues at the time of the 1996 AQCD publication.

One of the most important components in time-series model specification was the
adjustment for seasonal cycles and other longer-term temporal trends. Not adequately adjusting

for these temporal trends could result in biased RRs. Residual over-dispersion and
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autocorrelation also result from inadequate control for these temporal trends. Modern smoothing
methods allow efficient fits of these temporal trends, and minimize the statistical problems
although some issues of statistical methodology may require additional research. Most recent
studies have controlled for these seasonal and other temporal trends, and it was unlikely that
inadequate control for these trends seriously biased the estimated PM coefficients. The effect
modification by season has been examined in several studies. Season specific analyses are often
not feasible in small sizes (due to marginally significant PM effect size), but some studies (e.g.,
Samet et al., 1996; Moolgavkar and Luebeck, 1996) suggested that estimated PM coefficients
varied from season to season. However, it is not certain whether these results are real seasonal
effect modification, or due to the varying extent of correlation between PM and co-pollutants or
weather variables in each season.

While most available studies included some function of weather variables and some
reported sensitivity of PM coefficients to weather model specification, some speculated that
inadequate weather model specifications may still have ascribed the residual weather effects to
PM. Two PM studies (for Philadelphia, Samet et al. [1996, 1998]; for Utah Valley, Pope and
Kalkstein [1996]) included collaboration with a meteorologist who modeled weather effects
using synoptic weather categories. These studies reported that estimated PM effects were similar
if weather effects on mortality were fitted by synoptic weather variables or by other models. The
results also indicated that the synoptic weather model did not provide better model fits in
predicting mortality when than other weather model specifications used in past PM-mortality
studies. Thus, these results suggested that the reported PM effects were not explained by
inadequate modeling of weather effects.

Many PM studies have considered at least one co-pollutant in the mortality regression, but
increasing number of studies examined several multiple pollutants. In most cases, when PM
indices were significant in single pollutant models, an addition of a co-pollutant diminished the
PM effect size somewhat, but did not eliminate the associations. When multiple pollutant
models were analyzed by season, the PM coefficients were less stable, again, possibly due to
PM’s varying correlation with co-pollutants among season, or due to smaller sample sizes in
seasonal subsets. In many studies, PM indices were more significant than other pollutants in
single and multiple pollutant models. Thus, it was concluded that PM-mortality associations

were not seriously distorted by co-pollutants. However, interpretation of relative significance of
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each pollutant in mortality regression as relative causal strength was difficult because of lack of
quantitative information on relative exposure measurement/characterization errors among air
pollutants, as discussed below.

Measurement errors can influence the size and significance of air pollution coefficients in
time-series regression analyses. This issue is also important in assessing confounding among the
multiple pollutants, as varying extent of such error among the pollutants would also influence
corresponding relative significance. The 1996 AQCD discussed several types of such exposure
measurement/characterization error including site-to-site variability and site-to-person variability.
These errors are thought to bias the estimated PM coefficients downward in most cases.
However, there was not sufficient quantitative information available at the time to allow an
estimation of such bias.

The 1996 AQCD also reviewed evidence for threshold and functional form of short-term
PM mortality associations. Several studies indicated that montonic associations were seen below
the PM standards. It was considered difficult, however, to statistically identify a threshold from
available data because of low data density at lower concentrations, potential influence of
measurement error and adjustments for other covariates. Thus, the use of relative risk (rate ratio)
derived from the log-linear Poisson models was considered adequate.

The extent of prematurity of death (i.e., mortality displacement, or harvesting) in
PM-mortality association has important public health policy implications. At the time of the
1996 criteria review, only a few studies had investigated this issue. While one of the studies
suggested that the extent of such prematurity may be only a few days, this finding may not be
generalizable because the RR estimate was obtained only for identifiable PM episodes. There
was not sufficient evidence to suggest the extent of prematurity for non-episodic periods, from
which most of the recent PM relative risks were derived.

Only a limited number of PM-mortality studies analyzed fine particles and chemically
specific components of PM. The Harvard Six-Cities Study (Schwartz et al., 1996) analyzed size-
fractionated PM (PM, 5, PM, 5, and PM, 5., 5) and PM chemical components (sulfates and H").
The results suggested that PM, ; was most significantly associated with mortality among the
components of PM. While H" was not significantly associated with mortality in this and earlier
analyses (Dockery et al., 1992), the smaller sample size for H" than for other PM components

made a direct comparison difficult. The 1996 AQCD also discussed that the mortality
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associations with BS or COH reported in earlier studies in Europe and the U.S. during the 1950s
to 1970s most likely reflected contributions from fine particles, as those PM indices had low 50%
cut-off diameters (= 4.5um). Furthermore, there are respiratory morbidity studies that showed
associations between hospital admissions/visits with components of PM in the fine particle
range. Thus, the U.S. EPA concluded that there was adequate evidence to suggest that fine
particles play especially important roles in observed PM mortality effects.

Summarizing status of the issues raised in the 1996 AQCD: (1) The observed PM effects
are unlikely to be seriously biased by inadequate statistical modeling (e.g., control for
seasonality); (2) The observed PM effects are unlikely to be significantly confounded by weather;
(3) The observed PM effects may be to some extent confounded or modified by co-pollutants,
and such extent may vary from season to season; (3) Determining the extent of confounding and
effect modification by co-pollutants requires knowledge of relative exposure measurement
characterization error among pollutants; there was insufficient information on this;

(4) No evidence for a threshold for PM-mortality associations was reported. Statistically
identifying a threshold from existing data was also considered difficult, if not impossible;

(5) Some limited evidence for harvesting, a few days of life-shortening, was reported for episodic
periods. No study was conducted to investigate harvesting in non-episodic US data;

(6) A limited number of studies suggested a causal role of fine particles in PM-mortality
associations, but in the light of historical data, biological plausibility, and the results from
morbidity studies, a greater role of fine particles than coarse particles was suggested.

The following sections assess results from the studies that have been published since the
1996 AQCD. Because a large number of PM-health effects studies are currently being conducted
and numerous PM-related publications are expected after this draft is completed (but before
review of the final draft), the current assessment of the evidence here is incomplete. First, the
results from several studies that analyzed data from multiple cities are reviewed. Then, rather
than simply documenting the synopses of individual studies, the newly available results are

discussed with regard to the previously unresolved issues noted above.

6.3.2.2 New Multi-City Studies
Several studies conducted time-series analyses in multiple cities. The major advantage of

these studies over the meta-analyses of multiple “independent” studies is the consistency in data

October 1999 6-69 DRAFT-DO NOT QUOTE OR CITE



O© 0 9 O W bk~ WD =

W W NN N N N N N N N N e e e e e e e e
—_ O O 0 NN N L kA WD = O O 0NN SN WD = O

handling and model specifications, thus eliminating variation due to study design. Also, many of
the cities included in these studies were the ones for which no time-series analyses had been
conducted. Therefore, unlike regular meta-analysis, they likely do not suffer from omission of
negative studies caused by publication bias. Furthermore, any heterogeneity of air pollution
effects can be systematically evaluated in multiple-city analyses. Thus, the results from multi-
city studies can provide most valuable evidence regarding the consistency and heterogeneity, if

any, of PM health effects.

APHEA Studies

The Air Pollution and Health: a European Approach (APHEA) project is a coordinated
multi-center study of the short-term effects of air pollution on mortality and hospital admissions
using data from 15 European cities, with a wide range of geographic, sociodemographic,
climatic, and air quality patterns. The obvious strength of this approach is to be able to evaluate
potential effect modifiers in a consistent manner. It should be noted that PM indices measured in
those cities were mostly British Smoke, with exception of Paris, Lyon (PM,;), Barcelona (BS and
TSP), Bratislava, Cologne, and Milan (TSP). There have been three papers published that
presented either a meta-analysis or a pooled summary estimates of these multi-city mortality
results: (1) Katsouyanni et al. (1997) SO, and PM results from 12 cities; (2) Touloumi et al.
(1997) ambient oxidants (O, and NO,) results from six cities; (3) Zmirou et al. (1998) cause-
specific mortality results from 10 cities. The following briefly discuss each paper’s findings.

Katsouyanni et al. (1997) SO, and PM results from 12 cities. The cities included were:
Athens, Barcelona, Bratislava, Cracow, Cologne, Lodz, London, Lyons, Milan, Paris, Poznan,
and Wroclaw. In western European cities it was found that an increase of 50 ug/m’ in SO, or BS
was associated with a 3% (95% confidence interval 2% to 4%) increase in daily mortality and the
corresponding figure for PM,, (they used conversion: PM,, = TSP*0.55) was 2% (1% to 3%).
In central eastern European cities the increase in mortality associated with a 50 xg/m’ change in
SO, was 0.8% (-0.1% to 2.4%) and in BS (per a 50 g/m® change) 0.6% (0.1% to 1.1%).
Cumulative effects of prolonged (two to four days) exposure to air pollutants resulted in
estimates comparable with the one-day effects. The effects of both SO, and BS were stronger
during the summer and were mutually independent. Regarding the contrast between the western

and central eastern Europe results, the authors speculated that this could be due to: difference in
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exposure representativeness, difference in pollution toxicity or mix, difference in proportion of
sensitive sub-population, and model fit for seasonal control. Bobak and Roberts (1997)
commented that the heterogeneity between eastern and western Europe could be explained by the
difference in mean temperature. They plotted the estimated RR for SO, versus mean temperature
(Figure 6-1), and showed that Spearman correlation for SO, was 0.85 (0.72 for BS). However, in
response to this explanation, Katsouyanni and Touloumi (1998) mentioned that they had
examined the source of heterogeneity, and found that other factors could apparently explain the
difference in estimates as well as or even better than temperature (e.g., the correlation between
age standardized mortality and the effect estimates was -0.92), and in light of other potential
explanations, they considered it premature to ascribe the difference in effect estimates to
temperature. They are conducting additional analyses to fully investigate the effect modifiers in
APHEA 2.

Touloumi et al. (1997) ambient oxidants results from six cities. Touloumi et al.
summarized the results of the short-term effects of ambient oxidants (O, and NO,) on daily
deaths from all causes (excluding accidents). These studies are discussed here to provide a basis
of comparison with estimated SO, or BS effects in the APHEA cities. Six cities in Central and
Western Europe provided data on daily deaths and NO, and/or O, levels. Poisson autoregressive
models allowing for overdispersion were fitted. Fixed effects models were used to pool the
individual regression coefficients when there was no evidence of heterogeneity among the cities
and random effects models otherwise. Significant positive associations were found between
daily deaths and both NO, and O,. Increases of 50 xg/m’ in NO, (1-hour maximum) or O,
(1-hour maximum) were associated with a 1.3% (95% C1 0.9-1.8) and 2.9% (95% CI 1.0-4.9)
increase in the daily mortality, respectively. There was a tendency for larger effects of NO, in
cities with higher levels of BS. The pooled estimate for the O, effect was only slightly reduced,
but the coefficient for NO, was reduced by half (but remained significant) when BS was
included in the model. The authors speculated that the short-term effects of NO, on mortality
may be confounded by other vehicle-derived pollutants.

Zmirou et al. (1998) cause-specific mortality results from 10 cities. This analysis
presented cause-specific mortality results for APHEA cities. Again, using Poisson
autoregressive models adjusting for trend, season, influenza epidemics, and weather, each

pollutant’s relative risk was estimated in each city, and “meta-analyses” of city specific estimates
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Figure 6-1. Relationship between the effect estimates from Katsouyanni et al. (1997) and
average temperature. Source: Bobak and Roberts (1997).

were conducted. The pooled RRs for cardiovascular mortality were 1.02 (95% CI: 1.01-1.04) per
50 ug/m® increase in BS and 1.04 (95% CI: 1.01-1.06) per 50 ng/m’ increase in SO, in western
European cities. The pooled RRs for respiratory mortality in western European cities were

1.04 (95% CI: 1.02-1.07) and 1.05 (95% CI: 1.03-1.07) for BS and SO,, respectively. However,
these associations were not found in the central European cities. Again, the investigators point
out the potential explanation for the difference between the western and central European cities:

smaller fraction of elderly population and likely larger exposure representativeness error in the
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central European cities. The lack of consistency in NO, - mortality associations was also
mentioned.

Urban Air Pollution Mix and Daily Mortality in 11 Canadian Cities (Burnett et al.,
1998). The number of daily deaths for non-accidental causes were obtained in 11 cities from
1980 to 1991 and linked to concentrations of ambient gaseous air pollutants using relative risk
regression models for longitudinal count data. No PM index was included in their analyses
because daily PM measurements were not available. NO, had the largest effect on mortality with
a 4.1% increased risk (p < 0.01), followed by O, at 1.8% (p <0.01), SO, at 1.4% (p <0.01), and
CO at 0.9% (p = 0.04) in multiple pollutant regression models. A 0.4% reduction in excess
mortality was attributed to achieving a sulfur content of gasoline of 30 ppm in five Canadian
cities. They compared the previously estimated percentage reduction in deaths due to PM, 5 and
sulfates (computed by the Canadian Health and Economics Assessment Panel based on results
from Harvard 6-city time-series analysis), and noted that the reductions in risk due to reduction in
concentrations of the mix of CO, SO,, and NO, averaged among the five cities were 12 times
greater than that for sulfate and 19 times greater than for PM, ;. However, because the estimates
from PM were not based on the Canadian data, and model specification could have made
difference in risk estimates, a direct comparison between the risk reduction estimates for PM and

the gaseous pollutants may not be adequate.

6.3.2.3 New Results from Individual City Studies

Studies in individual cities can provide more detailed information on specific PM
components or source types. Identification of the chemical properties or size range of PM
components that are responsible for the reported PM effects would be very valuable for
understanding the biological mechanism of PM effects. Multiple PM components are rarely
measured simultaneously, but several new studies investigated this issue. Also, several studies
examined size specific component of PM.

Table 6-24 summarizes newly available individual studies (excludes studies that were
discussed in the 1996 PM CD) and lists name of the city, study period, the type of PM indices
used and their mean level, basic study description (mortality categories, covariates included, type
of regression, etc.), main results, the “representative” RR for the PM index used, the lag reported,

and the reference. While our main interest in this document is the PM effects observed in U.S.
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TABLE 6-24. SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for
(mean) Study Description Results and Comments total deaths PM Lags Reference
U.S. Cities
Philadelphia, PA A critical review paper, with an analysis of ~ RR results presented as figures, and Ranged from 1 day lag Moolgavkar
1973-1988 total daily mortality for its association with  seasonal difference noted. TSP, SO,, ~0% and Leubeck
TSP (68) TSP, SO,, NO,, and O,, adjusting for O, - mortality associations varied across ~ (winter) to ~ (1996)
temporal trends, temperature, and also season. TSP associations were stronger 4% (summer)
conducting analysis by season, using GAM  in summer and fall. NO, was the most
models. significant predictor.
Philadelphia, PA  Total, cardiovascular, respiratory, and by- TSP, SO,, O,, and 1-day lagged CO 1.1% (0,2.1) 0 day lag Kelsall et al.
1974-1988 age mortality regressed on TSP, SO,, NO,, individually showed statistically per 35ug/m’ (1997)
TSP (67) 0,, and CO, adjusting for temporal trends significant associations with total increase in
and weather, using GAM. mortality. No NO, associations unless TSP
SO, or TSP was also considered. The
effects of TSP and SO, were diminished
when both pollutants were included.
Spokane, WA Effects of high concentration of coarse No association was found between the 0% (-19,22)  0day lag Schwartz
1989-1995 crustal particles was investigated by mortality and dust storm days on the for dust (lagged days et al.
PM,,: comparing the death counts on 17 dust same day or the following day. storm days. also reported (1999)
(dust-storm storm episodes to those on non-episode to have no
days:263; days on the same day of the years in other associations)
“control” days: years, adjusting for temperature, dewpoint,
42) and day-of-week, using Poisson regression.
Ogden, Salt Associations between PM,, and total, Salt Lake City, where past studies 12% (4.5, 0 day lag, but  Pope et al.
Lake City, and cardiovascular, and respiratory deaths were  reported little PM, ,-mortality 20); 2.3% (0,  the RRs for (1999b)
Provo/Orem, UT  investigated in three metropolitan areas in associations, had substantially more dust  4.7); 1.9% longer
1985-1995 Utah’s Wasatch Front using GAM Poisson  storm episodes. When the dust storm (-2.1, 6.0) averaging
PM,, (32 for model and adjusting for seasonality, days were screened out from analysis per S0ug/m®*  days
Ogden; 41 for temperature, humidity, and barometric and PM,, data from multiple monitors PM,, for 0 increased for
SLC; 38 for pressure. The analysis was conducted with ~ were used, comparable RRs were day lag Salt Lake City
P/O) or without dust (crustal coarse particles) estimated for Salt Lake City and and
storm episodes, as identified on the high Provo/Orem. Provo/Orem

“clearing index” days, an index of air
stagnation.
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for
(mean) Study Description Results and Comments total deaths PM Lags Reference
Dallas, TX Total, respiratory, cardiovascular, cancer, O, (avg. of 1-2 day lags), NO, (avg.. 4 -5 -0.6% (-2.2, 0day lag Gamble
1990-1994 and remaining non-accidental deaths were day lags), and CO (avg. of lags 5- 6 days) 1.1) per 8.3  (other lags (1998)
PM,, (25) related to PM,,, O, NO,, SO,, and CO, were significantly positively associated with ~ wg/m’ PM,,  also reported
adjusting for temperature, dewpoint, day- total mortality. PM,, and SO, were not to have no
of-week, and seasonal cycles (trigonometric  significantly associated with any deaths. associations)
terms) using Poisson regression.
King County, Out-of-hospital deaths (total, respiratory, Nephelometer data were not associated with ~ 1.4% (-1.3, avg.of 2to4 Levy (1998)
WA COPD, ischemic heart disease, heart mortality. Cause-specific death analyses 4.2) per day lag
1990-1994 failure, sudden cardiac death screening suggest PM associations with ischemic heart ~ 10ug/m’
PM,, (30); codes, and stroke) were related to PM,,, disease deaths. Mortality associations with PM,,
nephelometer  nephelometer (0.2 - 1.0 um fine particles), SO, and CO were not mentioned. The mean
(0.59 bsp unit)  SO,, and CO, adjusting for day-of-week, daily death counts were small (e.g., 7.7 for
month of the year, temperature and total ; 1.6 for ischemic heart disease). This
dewpoint, using Poisson regression. is an apparently preliminary analysis.
Santa Clara Total, cardiovascular, and respiratory PM, ; and nitrate were most significantly 9% in one 0 day lag Fairley
County, CA deaths were regressed on PM,,, PM, s, associated with mortality, but all the poll. model; (1999)
1989-1996 PM,,, s, CoH, nitrate, sulfate, O, CO, NO,, pollutants (except PM,,, ) were 10-13% in 2
PM, ; (13); adjusting for trend, season, and min and significantly associated in single poll. poll. model;
PM,, ( 34); max temperature, using Poisson GAM models. In 2 and 4 poll. models with PM, ; 13% in 4-
PM,y,5 (11); model. Season-specific analysis was also or nitrate, other pollutants were not poll. model,
CoH (0.5 unit)  conducted. The same approach was also significant. The RRs for respiratory deaths per 28
; NO, (3.0); used to re-analyze 1980-1986 data were always larger than those for total or ug/m’
SO, (1.8) (previously analyzed by Fairley [1990]). cardiovascular deaths. The difference in risk  increase in
between season was not significant for PM,
PM, ;. The 1980-1986 results were similar,
except that CoH was very significantly
associated with mortality.
Buffalo, NY Total, circulatory, and respiratory mortality ~ For total mortality, all the PM components 2.2% (0.5, 2 day lag Gwynn et al.
1988-1990 and unscheduled hospital admissions were were significantly associated, with H" being ~ 4.0) per 9.6 (1999)
PM,, (24); analyzed for their associations with H, the most significant, and CoH the least g/m’ PM,,
CoH (0.2 SO, , PM,,, CoH, O,, CO, SO,, and NO,, significant predictors. The gaseous
/1000f1t); adjusting for seasonal cycles, day-of-week,  pollutants were mostly weakly associated
SO, (62 temperature, humidity, using Poisson and with total mortality.
nmoles/m®) negative binomial GAM models.
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for total
(mean) Study Description Results and Comments deaths PM Lags Reference
Canada
Toronto Total, cardiovascular, COPD, pneumonia, TSP (0 day lag) was significantly 2.8% per 0 day lag Ozkaynak
1970-1991 respiratory, cancer, and the remaining associated with total and cardiovascular 100ug/m’® TSP et al. (1996)
TSP (80); mortality series were related to TSP,,5O deaths. NQO day lag) was a significant
CoH (0.42 CoH, NG, O,, and CO, adjusting for predictor for respiratory and COPD
/1000ft) seasonal cycles (by high-pass filtering eackeaths. 2-day lagged, @as associated
series) temperature, humidity, day-of-weekith total, respiratory, and pneumonia
using OLS regression. Factor analysis of deaths. Factor analysis showed a factor
multiple pollutants was also conducted to with high loadings for N§Q CoH, and
extract automobile related pollution, and CO, apparently representing automobile
mortality series were regressed on the factor. This factor was a significant
resulting automobile factor scores. predictor for total, cancer,
cardiovascular, respiratory, and
pneumonia deaths.
Toronto Total, cardiac, and other nonaccidental  Essentially all the pollutants were 2.0% (0.7, 3.3) 0 day lag for Burnett et al.
1980-1994 deaths (and by age groups) were regressesignificant predictors of total deaths in  per 88u..g/m’ TSP and (1998)
TSP (60); on TSP, CoH, S©, CO, NQ, SO, O,, single pollutant models, but in two TSP; PM,s Avg.
CoH (0.42); estimated Plj) and PM . (based on the pollutant models with CO, most 2.9% (1.5, 4.4) of 0and 1
SO, (9.2 relationship between the existing every-6thpollutants’ estimated RRs were reduced per 42ug/n? day for CoH
ug/nmv); day data and SQ TSP and CoH), (all the PM indices remained significant).PM,; 4.2% (2.9, and PM.
PM,, (30, adjusting for seasonal cycles, day-of-weekBased on the results from the co- 5.6) per 22ug/n?
estimated); temperature, and dewpoint using GAM  pollutant models and various stepwise PM, .
PM, . (18, Poisson model. regressions, the authors noted that the
estimated) effects of the complex mixture of air
pollutants could be "almost completely
explained by the levels of CO and TSP".
Mexico City
Mexico-City Total, respiratory, cardiovascular, and age-  Os, SO,, and TSP were all associated 6% (3.3,8.3) per 0 day lag Borja-Aburto

1990-1992

TSP (median:

204)

100 ug/m’ for
total deaths

specific (age >= 65) deaths were related to
O,, TSP, and CO, adjusting for minimum
temperature (temperature also fitted
seasonal cycles) using Poisson models.

with total mortality in separate models,
but in multiple pollutant model, only TSP
remained associated with mortality. CO
association weak.

etal. (1997)
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for total
(mean) Study Description Results and Comments deaths PM Lags Reference
Mexico-City Total, respiratory, cardiovascular, other PM, ., O,, and NQ were associated with 1.3% and 1.4% 0day and Borja-Aburto
1993-1995 deaths, and age-specific (age >= 65) mortality with different lag/averaging (0.2, 2.5) per 4daylag etal (1998)
PM, ¢ deaths were related to BMO,, and NQ, periods (1 and 4 day lags; 1-2 avg.; 1-5 100ug/m?’for
(mean:27) adjusting for 3-day lagged temperature avg., respectively). PM associations total deaths for
and periodic cycles, using Poisson GAM were most consistently significant. SO 0 and 4 day,
model. was available, but not analyzed because oéspectively
its "low" levels.
Mexico-City Infant mortality (avg. ~ 3/day) related to Excess infant mortality was associated 6.9% (2.5, 11.3) Avg. 3-5 Loomis et al.
1993-1995 PM, ., O,, and NQ, adjusting for with PM, ., but also with NQ and Qin per 10ug/m® lag days (1999)
PM,.(mean: temperature and smoothed time, using the same average/lags. N@nd Q
27.49/m3) Poisson GAM models. associations were less consistent in multi-
pollutant models.
Europe
London, UK Total, cardiovascular, and respiratory Both O, (0 day lag) and BS (1 day lag) 1.7% (0.8, 2.6) 1 day lag Anderson
1987-1992 mortality series were regressed on BS, O,,  were significant predictors of total deaths.  per 14 ug/m’ et al. (1996)
BS (15) NO,, and SO,, adjusting for seasonal O, was also positively significantly increase (10% to
cycles, day-of-week, influenza, holidays, associated with respiratory and 90%) in BS
temperature, humidity, and autocorrelation  cardiovascular deaths. The effect size
using Poisson model. estimates per the same distributional
increment (10% to 90%) were larger for
O, than for BS. These effects were larger
in warm season. SO, and NO, were not
consistently associated with mortality.
London, UK Total, cardiovascular, and respiratory (by All effect size estimates (except O,) were 1.2% (0.0, 2.4) 1 day lag Bremner et al.
1992-1994 age) mortality series were regressed on positive for total deaths (though not per 16 ug/m’ for BS (1999)
BS (13) PM,,, BS, O,, NO,, CO, and SO,, significant for single lag models). The increase (10% to
PM,, (29) adjusting for seasonal cycles, day-of- effects of O, found in 1987-1992 were not ~ 90%) in BS
week, influenza, holidays, temperature, replicated, except in cardiovascular
humidity, and autocorrelation using deaths. Multiple day averaging (e.g., 0-1,  0.8% (-0.6, %.2)
Poisson model. 0-2 days) tend to give more significant per 31 pg/m
effect size estimates. The effect size for increase (10% to
PM; ( and BS were similar for the same 90%) in BS

distributional increment.
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for
(mean) Study Description Results and Comments total deaths ~ PM Lags Reference
England and Excess deaths, by age, sex , and cause, Air pollution levels at all the locations rose 2.6% NA Rooney
Wales, and during the 1995 heat wave were estimated ~ during the heat wave. 8.9% and 16.1% excess  increase et al. (1998)
Greater London, by taking the difference between the deaths were estimated for England and Wales,  for PM,, in
UK deaths during heat wave and the 31-day and Greater London, respectively. Of these Greater
PM,, (56, during moving averages (for 1995 and 1993-94 excess deaths, up to 62% and 38%, London
the worst heat separately). The pollution effects, respectively for these locations, may be during heat
wave; 39, July- additively for O,, PM,,, and NO,, were attributable to combined pollution effects. wave
August mean) estimated based on the published season-

specific coefficients from the 1987-1992

study (Anderson et al., 1996).
Edinburgh, UK Both mortality (total, cardiovascular, and Among all the pollutants, BS was most 1.5% (0.5,  Avg.of Prescott
1981-1995 respiratory) and emergency hospital significantly associated with all cause, 2.5) per 1-3 day et al. (1998)
PM,, (21, by admissions (cardiovascular and cardiovascular, and respiratory mortality 10 pug/m’ lags
TEOM only for  respiratory), in two age groups (<65 and series. In the subset in which PM,, data were increase in
1992-1995) >= 65), were analyzed for their available, the RR estimates for BS and PM,, BS for all
BS (8.7) associations with PM,,, BS, SO,, NO,, O,, for all cause elderly mortality were cause

and CO, using Poisson regression comparable. Other pollutants’ mortality mortality

adjusting for seasonal cycles, day-of- associations were generally inconsistent. in age 65+

week, temperature, and wind speed. group
Birmingham, Mortality data were analyzed for COPD, Total, circulatory, and COPD deaths were 1.1% (-0.1, 1 daylag Wordley
UK pneumonia, all respiratory diseases, all significantly associated with 1-day lag PM,,, . 2.1) per et al. (1997)
1992-1994 circulatory diseases, and all causes. The gaseous pollutants “did not have 10 pug/m’
PM,, (apparently ~Mortality associations with PM,,, NO,, significant associations independent from that ~ PM,,

beta-attenuation,
26)

S0O,, and O, were examined using OLS
(with some health outcomes log- or
square-root transformed), adjusting for
day-of-week, month, linear trend,
temperature and relative humidity. The
study also analyzed hospital admission
data.

of PM,,., and the results for gaseous pollutants

were not presented. The impact of reducing
PM,, to below 70 ng/m® was estimated to be
“small” (0.2% for total deaths), but the PM,,
level above 70ug/m’ occurred only once
during the study period.
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for
(mean) Study Description Results and Comments total deaths PM Lags Reference
Rotterdam, the =~ Total mortality (also by age group) was Daily deaths were most consistently 5% (1,9)per 1daylag Hoeketal.
Netherlands regressed on TSP, Fe (from TSP filter), BS,  associated with TSP. TSP and O, effects 91 ug/m’ (1997)
1983-1991 0,, SO,, CO, adjusting for seasonal cycles, were “independent” of SO, and CO. Total TSP
TSP (median day-of-week, influenza, temperature, and iron (from TSP filter) was associated “less
42); humidity using Poisson GAM model. consistently” with mortality than TSP was.
BS (median 13) The estimated RRs for PM indices were
higher in warm season than in cold season.
East Berlin Total mortality (as well as deviations from Both SP and SO, were significantly 6.1% per 2 daylag  Rahlenbeck
1981-1989 long-wave cycles) was regressed on SP and associated with total mortality with 2 day lag 100 pug/m’ and Kahl
“SP” (beta SO,, adjusting for day-of-week, month, year, in single pollutant model. When both “Sp» (1996)
attenuation, 97)  temperature, and relative humidity, using pollutants were included, their coefficients
OLS, with options to log-transform were reduced by 33% and 46% for SP and
pollution, and w/ and w/o days with SO,, respectively.
pollution above 150 ug/m’.
Helsinki, Total and cardiovascular deaths, for age No pollutant was significantly associated with ~ 3.5% (1.1, 4 daylag  Ponka et al.
Finland groups < 65 and 65 +, were related to PM,,,  mortality from all causes or from 5.9) per (other (1998)
1987-1993 TSP, SO,, NO,, and O,, using Poisson cardiovascular in age group (65+). Only in 10 ug/m’ lags
TSP (median model adjusting for temperature, relative age less than 65 group, PM,, was associated PM,, negative
64); PM,, humidity, day-of-week, temporal patterns, with total and cardiovascular deaths with or Zero)
(median 28) holiday and influenza epidemics. 4 and 5 day lags, respectively. The
“significant” lags were rather “spiky”. O,
was also associated with cardiovascular
mortality in age under 65 group with
inconsistent signs and late and spiky lags
(negative on day 5 and positive on day 6).
Madrid, Spain Total, respiratory, and cardiovascular deaths TSP (1-day lag) and SO, (3-day lagged) were ~ 4.8% (1.8, 1 daylag  Alberdi
1986-1992 were related to TSP and SO,. Multivariate independently associated with mortality. 7.7) per Odriozola
“TSP” (beta autoregressive integrated moving average 100 pg/m’ et al. (1998)
attenuation, models used to adjust for season, TSP

47 for average
of 2 stations)

temperature, relative humidity, and influenza
epidemics.
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for
(mean) Study Description Results and Comments total deaths PM Lags Reference
Rome, Italy Total mortality was related to PM,;, SO,, PM,; and NO, were most consistently 0.38% (0.09, 0 day lag Michelozzi,
1992-1995 NO,, CO, and O, using Poisson GAM model  associated with mortality. CO and O, 0.68) per et al. (1998)
TSP (“PM,;” , adjusting for seasonal cycles, temperature, coefficients were positive, SO, 10 ug/m* PM,,
beta humidity, day-of-week, and holiday. Analysis coefficients negative. RR estimates higher
attenuation, of mortality by place of residence, by season,  in the warmer season. RRs similar for
84) age, place of death (in or out of hospital), and  in- and out-of hospital deaths.

cause was also conducted.
Milan, Italy Specific causes of death (respiratory, All three pollutants were associated with 3.3% (2.4, 0 day lag Rossi et al.
1980-1989 respiratory infections, COPD, circulatory, all cause mortality. Cause-specific 4.3) per (1999)
TSP (“PM,;” cardiac, heart failure, and myocardial analysis was conducted for TSP only. 100 pg/m’
beta infarction) were related to TSP, SO,, and Respiratory infection and heart failure TSP
attenuation, NO,, adjusting for seasonal cycles, deaths were both associated with TSP on
142) temperature, and humidity, using GAM the concurrent day, whereas the

Poisson model. associations for myocardial infarction and

COPD deaths were found for the average
of 3 to 4 day prior TSP.

South
America
Séo Paulo, Associations between intrauterine mortality NO,, SO,, and CO were individually 4.1% (-1.8, 0 day lag Pereira et al.
Brazil and PM,,, NO,, SO,, CO, and O, were significant predictor of the intrauterine 10.4) per @) (1998)
1991-1992 investigated using Poisson regression mortality. NO, was most significant in 50 ug/m’
PM,, (beta- adjusting for season and weather. multi-pollutant model. PM,,and O, were PM,, for
attenuation, Association between ambient CO and not significantly associated with the intrauterine
65) carboxyhemoglobin of blood sampled from mortality. There was an association mortality

the umbilical cord of non-smoking pregnant
mothers were investigated in separate time
period.

between the ambient CO levels and
carboxyhemoglobin of blood sampled
from the umbilical cords.
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for
(mean) Study Description Results and Comments total deaths PM Lags Reference
Australia
Brisbane Total, cardiovascular, and respiratory Same-day PM and O, were associated most 0.9% (0.3, 0 day lag Simpson
1987-1993 deaths (also by age group) were related significantly with total deaths. The O, effect 1.5) per 0.1 et al. (1997)
PM,, (27, not used to PM (nephelometer), O, SO,, and size estimates for cardiovascular and bscat/10*'m
in analysis) NO,, adjusting for seasonal cycles, day-  respiratory deaths were consistently positive ~ nephelometer
Nephelometer (0.26  of-week, temperature, dewpoint, (though not significant), and larger in increment
bscat/10*m, size holidays, and influenza, using Poisson summer. PM’s effect size estimates were
range: 0.01-2 um). GEE to adjust for autocorrelation. comparable for warm and cold season for

Season-specific (warm and cold) cardiovascular deaths, but larger in warm

analyses were also conducted. season for respiratory deaths. NO, and SO,

were not associated with mortality.
Sydney Total, cardiovascular, and respiratory PM, O,, and NO, all showed significant 2.6% (0.9, Avg. of 0 Morgan
1989-1993 deaths were related to PM associations with total mortality in single 4.2) per 14 and 1 day et al. (1998b)
Nephelometer (0.30  (nephelometer), O,, and NO,, adjusting  pollutant models. In multiple pollutant ug/m® PM, s lags
bscat/10*m). Site- for seasonal cycles, day-of-week, models, the PM and O, effect estimates for or 28 ug/m’
specific conversion:  temperature, dewpoint, holidays, and total and cardiovascular deaths were PM,, (10 %
PM,~9; influenza, using Poisson GEE to adjust ~ marginally reduced, but the PM effect to 90%)
PM,,~ 18 for autocorrelation. estimate for respiratory deaths was
substantially reduced.

Asia
Delhi, India Total (by age group), respiratory, TSP was significantly associated with all 2.3% 2 day lag Cropper
1991-1994 cardiovascular deaths were related to mortality series except with the very young (significant at et al. (1997)
TSP (375) TSP, SO,, and NO,, using GEE Poisson  (age 0-4) and the “very old” (age >=65). 0.05, but SE

model (to control for autocorrelation), The results were reported to be unaffected of estimate

adjusting for seasonal cycles by addition of SO, to the model. The not reported)

(trigonometric terms), temperature, and
humidity. 70% of all deaths occur
before age 65 (in US, 70% of deaths
occur after age 65).

authors note that, because those who are
affected are younger (than Western cities),
more life-years are likely to be lost per
person from air pollution impacts.

per 100ug/m’
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TABLE 6-24 (cont’d). SUMMARIES OF RECENTLY PUBLISHED SINGLE-CITY PM TIME-SERIES STUDIES

City/Year/PM PM RR for
(mean) Study Description Results and Comments total deaths PM Lags Reference
Bangkok, Thailand  Total, cardiovascular, respiratory deaths  All the mortality series were associated with 1% (0.5, 1.6) 3 day lag Ostro et al.
1992-1995 were examined for their associations PM,, at various lags. The effects appear per 10 ug/m* (0 and 2 (1998)
PM,, (beta with PM,, (separate measurements across all age groups. No other pollutants PM,, day lags
attenuation, 65) showed that ~50% of PM,, was were examined. also

PM, ;),using Poisson GAM model significant)

adjusting for seasonal cycles, day-of-

week, temperature, humidity.
Seoul and Ulsan, Total mortality series was examined for  All the pollutants were significant predictors  5.1% (3.1, Avg.of 0, Leeetal
Korea its association with TSP, SO,, and O,, in  of mortality in single pollutant models. TSP 7.2) for 1,and 2 (1999)
1991-1995 Poisson GEE (exchangeable correlation ~ was not significant in multiple pollutant Seoul ,and -  day lags
TSP (beta for days in the same year), adjusting for ~ models, but SO, and O, remained 0.1% (-3.9,
attenuation, 93 for season, temperature, and humidity. significant. 3.9) for
Seoul and 72 for Ulsan, per
Ulsan) 100g/m’

TSP
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cities, the results from other countries are certainly useful in evaluating the consistency and
source-type specificity, if any, of PM effects. Not all of the studies listed in Table 6-24 will be

discussed in detail here, but instead, the studies will be discussed in the context of issues.

6.3.2.4 New Studies on the Temporal Structure of Short-Term Effects
Consistency of Lags for Short-Term PM Exposure

Table 6-24 lists the lags for which the PM-mortality associations were reported. In most
studies, after the basic model (the best model with weather and seasonal cycles as covariates) is
developed, several pollution lags (usually 0 to 3 or 4 days) are individually introduced, and most
significant lag(s) is chosen for the RR calculation. While this practice may bias the chance of
finding a significant association, without a firm biological reason to establish a fixed
pre-determined lag, it appears reasonable. Due to likely individual variability in response to air
pollution, the apparent lags of effects observed for aggregated population counts are expected to
be “distributed” (i.e., symmetric or skewed bell-shape). The “most significant lag” in such
distributed lags is also expected to statistically fluctuate. It should also be noted that if one
chooses the most significant single lag day only, and if more than one lag day show positive
(significant or otherwise) associations with mortality, then reporting a RR for only one lag would
also underestimate the pollution effects. Some studies did consider several multiple-day
averaging of exposure variables to capture such multi-day effects, but this practice is not a
prevailing one.

An additional complication in assessing the shape of distributed lag is that the apparent
spread of the distributed lag may depend on the pattern of the persistence of air pollution (i.e.,
episodes may persist for a few days), which may vary from city to city. Also, it is possible that
the extent of lag and its spread may vary depending on the cause of death. For example, Rossi
et al. (1999) report that, in their analysis of TSP-cause specific mortality in Milan, Italy, the lags
varied for different cause of death (i.e., same day for respiratory infections and heart failure,

3-4 days for myocardial infarction and COPD). Thus, the lag for the total mortality may exhibit
mixed lags (weighted by the frequency of deaths in each cause). A somewhat unusual example,
from this perspective was reported from a recent Mexico City study (Borja-Aburto et al., 1998)
in which they found significant PM, ;-total mortality associations for same day and 4-day lag, but

not in the intervening 2 to 3 days (percent increase per 10 nug/m® were 1.34, -0.16, 0.41, 0.43,
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1.36, 0.99, for 0 through 5 day lags, respectively). The authors hypothesize that, “This

phenomenon is consistent with both a harvesting of highly susceptible persons on the day of

exposure to high pollution levels and a lagged increase in mortality due to delayed effects of

reduction of pulmonary defenses, cardiovascular complications, or other homeostatic changes

among less-compromised individuals”. However, the 4-day lagged effects are certainly not the

most frequently reported lag.

Figure 6-2 shows the distribution of the reported lags from Table 6-24 as well as from

Table 12-25 in the 1996 AQCD. It can be seen that the same day and 1-day lag are the most

frequently reported lags. This is also consistent with the immediate effects observed in the

1952 London Smog episode.
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Figure 6-2. Frequency distribution of the lag day for which PM RRs were computed in
33 studies (from Table 6-24 and Table 12-25 in the 1996 PM CD).

Multiple-day averaged lags were omitted.
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New Assessments of Mortality Displacement

There have been a few studies that investigated the question of “harvesting”, a phenomenon
in which a deficit in mortality results following the days with (pollution-caused) elevated
mortality, due to the depletion of susceptible population pool. The issue is important in
interpreting the public health implication of the reported short-term PM mortality effects. In the
1996 AQCD, suggestive evidence was observed (Spix et al., 1993) during a period when the air
pollution levels were relatively high. Recent studies generally used data from areas with lower,
non-episodic pollution levels.

Schwartz (1999b) separated time-series air pollution, weather, and mortality data from
Boston, MA, into three components: (1) seasonal and longer fluctuations; (2) “intermediate”
fluctuations; (3) “short-term” fluctuations. By varying the cut-off between the intermediate and
short term, he sought the evidence of harvesting. The idea is, for example, if the extent of
harvesting were a matter of a few days, then associations between weekly average values of
mortality and air pollution (controlling for seasonal cycles) would not be seen. He reported that,
for COPD, there was evidence that most of the mortality was only displaced by a few months; for
pneumonia, heart attacks, and all cause mortality, the effect size increased as the longer time
scales were included. The percent increase in deaths associated with a 10 g/m® increase in
PM, ; increased from 2.1% (95%CI: 1.5, 4.3) to 3.75% (95%CI: 3.2, 4.3).

Zeger et al. (1999) first illustrated, through simulation, the implication of harvesting for PM
regression coefficients (i.e., mortality relative risk) as observed in frequency domain. Three
levels of harvesting, 3 days, 30 days, and 300 days, were simulated. As expected, the shorter the
harvesting, the larger the PM coefficient in the higher frequency range. However, in the real data
from Philadelphia, the regression coefficients increased toward the lower frequency range,
suggesting that the extent of harvesting, if it exists, is not in the short-term range. Zeger et al.
suggested that “harvesting-resistant” regression coefficients can be obtained by excluding the
coefficients in the very high frequency range (to eliminate short-term harvesting) and in the very
low frequency range (to eliminate seasonal confounding). Since the observed frequency domain
coefficients in the very high frequency range were smaller than those in the mid frequency range,
eliminating the “short-term harvesting” effects would only increase the average of the

coefficients in the rest of the frequency range.
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Frequency domain analyses are rarely performed in air pollution health effects studies,
perhaps except the spectra analysis (variance decomposition by frequency) to identify seasonal
cycles. Examinations of the correlation by frequency (coherence) and the regression coefficients
by frequency (gain) may be useful in evaluating the potentially frequency-dependent
relationships among multiple time series. A few past examples in air pollution health effects
studies include: (1) Shumway et al. (1983) analysis of London mortality analysis in which they
observed that significant coherence occurred beyond two week periodicity (they interpreted this
as “pollution has to persist to affect mortality); (2) Shumway et al. (1988) analysis of Los Angels
mortality data in which they also found larger coherence in the lower frequency; (3) Ito (1990)
analysis of London mortality data in which he observed relatively constant gain (regression
coefficient) for pollutants across the frequency range, except the annual cycle. These results also
suggest that associations and effect size are, at least, not concentrated in the very high frequency
range.

Both Schwartz (1999b) and Zeger et al. (1999) analyses suggest that the extent of
harvesting, if any, is not a matter of few days. Other past frequency domain studies are also at
least qualitatively in agreement with the evidence against the short-term only harvesting. Since
very long wave cycles (> 6 months) need to be controlled in time-series analyses, it is not
possible to estimate the extent of harvesting beyond 6 months periodicity in a time-series study
design. While these studies suggest that observed short-term associations are not simply due to

short-term harvesting, more data are needed to quantify prematurity of deaths.

Santa Clara County, CA. Fairley (1999) conducted a time-series analysis of mortality-air
pollution relationship in Santa Clara County, CA for years 1989-1996. His previous analysis of
this locale (Fairley, 1990) showed an association between Coefficient of Haze (CoH) and
mortality in the same County for 1980-1986 period. Fairley provides useful information
regarding the type of air pollution in the study area. In contrast to Eastern or Midwestern cities,
SO, levels are so low (<10 ppb) that it is no longer measured. Consequently, sulfate is low, and it
represents only 5% of PM, ; (in contrast to up to 45% in Eastern U.S.). Also, unlike Eastern
cities where fine particles are high during summer due to sulfate levels, in Santa Clara County,
fine particles are much higher in winter (25 ug/m’ in winter vs. 10 xg/m® during the rest of the

year) due to contributions from wood burning and ammonium nitrate.
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Total, cardiovascular, and respiratory deaths were regressed on PM,,, PM, ;, PM,,, 5, CoH,
nitrate, sulfate, O,, CO, NO,, adjusting for trend, season, and min and max temperature, using
GAM Poisson models. Season-specific analysis was also conducted. The same approach was
also used to re-analyze 1980-1986 data (previously analyzed by Fairley, 1990). PM, ; and nitrate
were most significantly associated with mortality, but all the pollutants (except PM,,, ;) were
significantly associated in single pollutant models. In multiple pollutant models with PM,  or
nitrate, other pollutants were not significantly associated with mortality. The RRs for respiratory
deaths were always larger than those for total or cardiovascular deaths. The difference in risk
between season was not significant for PM, ;. The 1980-1986 results were similar, except that
CoH was a very significantly associated with mortality, consistent with the results from the
author’s 1990 analysis.

This study presents the first evidence of the mortality effects of directly measured PM, 5 in
the West Coast. While other studies of PM in the West Coast (PM,,in Los Angeles [Kinney
et al., 1995]; visibility-derived PM, s in San Bernardino and Riverside Counties [Ostro, 1996])
indicated larger effect estimates in summer, Fairley’s result indicates that the estimated PM, s
coefficients were relatively constant across season. This may be in part due to the difference in
air pollution mix between the Los Angeles Metropolitan area and Santa Clara County (i.e.,

San Francisco Bay area). Fairley’s results also indicated that the coarse fraction of PM,,
(PM,,, 5) was not a significant predictor of mortality, consistent with Schwartz et al. (1999)

findings from six-cities study.

Mexico City Studies. There have been three time-series mortality studies in Mexico that
examined PM indices: (1) TSP-mortality study for years 1990-1993 (Loomis et al., 1996;
Borja-Aburto et al., 1997); (2) PM, s-mortality (total, cardiovascular, and respiratory) for years
1993-1995 (Borja-Aburto et al., 1999a); and (3) PM, -infant (children less than 1 year of age)
mortality study 1993-1995 (Borja-Aburto et al., 1999b). The TSP study (the study focus was on
0,) considered O;, SO,, and CO as co-pollutants, and the PM, ; studies considered O, and NO,.
In the PM, ; studies, SO, was available, but not analyzed because the concentration was
“comparable to the those in the cities wit lowest levels”. These studies employed Poisson
models with adjustment for temperature and long-term trends, but the TSP study employed the

iteratively weighted and filtered least-square method to control for autocorrelation and
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over-dispersion, while the PM, ; studies used generalized additive models to model mortality as a
smooth function of time, which should also remove autocorrelation and over-dispersion.

In the TSP results (Loomis et al., 1996), the RRs for total mortality using single pollutant
models were: 1.049 (95% CI 1.030, 1.067) per 100 ng/m? increase in TSP; 1.029 (95% CI 1.015,
1.044) per an increase of 100 ppb in one-hour maximum O;; and, 1.075 (95% CI10.984, 1.062)
per 100-ppb increase for SO,. CO was only weakly associated with mortality, and was not
considered further in multiple pollutant models. When all three pollutants were considered
simultaneously, only TSP remained associated with mortality, indicating excess mortality of 5%
per 100 ng/m’ increase [RR = 1.052, 95% CI 1.034, 1.072]. Excess mortality was larger and
more significant for persons over 65 years of age. Addition of SO, to the TSP model did not
change the TSP coefficient. Air pollution levels in Mexico City were much higher than U.S.
levels. For example, the 25th percentile of daily 1-hr maximum ozone was 122 ppb; the median
for TSP, SO,, CO, and O; (all daily mean) were 204 (ug/m?), 53 (ppb), 5.8 (ppm), and 54 (ppb),
respectively. The authors concluded: “.... it is difficult to attribute the observed effects to a
single pollutant. The technical feasibility and scientific validity of isolating the effect of single
pollutants in such complex mixtures requires further research and careful consideration”.

In the PM, .- mortality (total, cardiovascular, and respiratory) analysis, PM, s, O, and NO,
were associated with mortality with different lag/averaging periods (1 and 4 day lags; 1-2 d avg.;
1-5 d avg., respectively). PM, ; associations were most consistently significant. As mentioned
previously, the authors interpret this pattern of 1 and 4 day lag associations as the immediate
harvesting of highly susceptible people and delayed effects on less compromised individuals
(2 and 3 day lags were not significant). EPA estimates, based on this result, in a single pollutant
model, a 25 ug/m’ increase in PM,  was associated with a 3.5 percent increase in total mortality
both on the current day and four days after exposure (95% CI=0.5-6.3 percent). Inclusion of O,
and NO, in a three-pollutant model somewhat increased the estimated PM, ; effect: 4.2 percent
(95% CI=0.6-7.9). A 10 ppb increase in the mean of 1 and 2 day lagged O, was associated with
a 1.8 percent increase in cardiovascular disease.

In the PM, ; - infant mortality analysis, excess infant mortality was associated with PM, .,
but also with NO,, and O, in the same lag pattern (3 to 5 day lag). NO,, and O, associations were

less consistent in multi-pollutant models. The RR calculated for infant mortality per 10 g/m?
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increase in PM, 5 (average of 3 to 5 day lags) was 6.9% (2.5, 11.3). In three pollutant models, it
was 6.3% (-0.5, 13.2).

These Mexico City studies collectively suggest significant mortality associations with PM
indices, but there are some notable differences. In the TSP analyses, the authors found “no
independent effect of O,”, while in the PM, ; study, the O,-cardiovascular mortality association
remained significant in two and three pollutant models. This may be, in part, due to the smaller
number of sample days available for multi-pollutant models in the TSP analysis (n=211 days,
compared to n>800 days for PM, s analysis). The weaker associations for gaseous pollutants in
these studies may also be partly explained by poorer spatial uniformity for gaseous pollutants, as
the spatial correlation reported in the TSP analysis indicate better site-to-site correlation for TSP

(r ~ 0.85) than for gaseous pollutants (r ~ 0.5).

Northeastern United States/Eastern Canada: Summer Haze and Automobile
Toronto, Ontario and Buffalo, NY are relatively close in distance and both experience the
same regional summer haze pollution, which contains O, and acid aerosols/sulfate. The studies

from these two locales will be discussed and contrasted in the following paragraphs.

Toronto, Ontario. The main focus of the Burnett et al. (1998) study was on CO effects on
mortality in metropolitan Toronto during 1980-1994, but their analysis also considered NO,, O,,
SO,, TSP, CoH, SO, , and estimated PM,, and PM, ; After adjusting for day-of-week,
nonparametric smooth function of day of study, and weather variables, all of these pollutants,
except O, were significantly positively associated with nonaccidental mortality in one pollutant
models. In two pollutant models with CO as co-pollutant, these pollutants’ coefficients, as well
as CO’s, were reduced, although all PM indices’ coefficients remained significant. The
correlation between CO and other pollutants ranged from -0.23 (O,) to 0.56 (CoH), but the
smallest positive correlation was with TSP (0.19). CO and TSP were selected for inclusion in the
final model using the stepwise procedures. In the two pollutant model with TSP and CO, the
excess risk for TSP was 1.5% (0.2, 2.8) per 88ug/m® increase (5™ to 95™ percentile range). The
authors mention that the vast majority (86%) of emissions for CO in Toronto are from vehicular
sources, while only a small fraction of TSP (21%) was attributed to vehicles. Thus, air pollution

from vehicular sources, CO in particular, was suggested as a cause of increased mortality in this
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locale. This is consistent with the results from earlier Ozkaynak et al. (1996) analysis of Toronto
data 1970-1991 (discussed in Section 6.3.2.9).

While various PM indices were considered in this analysis, PM,, and PM, ; were available
only every-6th-day during 1984-1990 (total of 272 days during the 15 year study period). Since
the missing PM,, and PM, ; values were imputed using daily values of TSP sulfates (which may
suffer from artifact due to the TSP glass fiber filter), TSP, and CoH, it is difficult to compare the
estimated PM,, and PM, ; effects with those of other PM components. However, in the
unimputed data, sulfates were strong predictors of PM, 5 (R>=0.77), and TSP was a weak
predictor of PM, 5 (R*=0.22), a moderate predictor of PM,, (R*=0.50), and a stronger predictor of
PM,,, s (R*=0.63). Thus, the estimated PM,, and PM, ; may have adequately represented daily
fluctuations of the thoracic and fine components. The RRs for these estimated PM,, and PM,

were significant in single pollutant models and with CO in the model.

Buffalo, NY. Gwynn et al. (1998) analyzed a two and a half year record of daily H" and
SO,  measurements collected in the Buffalo, NY region. Their analysis of respiratory,
circulatory, and total daily mortality and hospital admissions also considered PM,,, CoH, O,, CO,
SO,, and NO,. Poisson and negative binomial regression models were employed, adjusting for
seasonality, weather, and day-of-week. For total mortality, all the PM components were
significantly associated, with H" being the most significant and CoH the least significant
predictors. The gaseous pollutants were mostly weakly associated with total mortality. The
effect size estimated for respiratory mortality with inter-quartile-ranges of these PM components
were 2 to 3 times larger than those for total mortality (except CoH), but were less significant due
to the large standard error of coefficients (from the small daily counts). Parallel analyses of
hospital admission and mortality data in this study allowed an examination of “coherence”, or the
consistency check for causality suggested by Bates (1992). Gwynn et al. noted that H', SO,~, and
O, showed the most coherent associations with respiratory hospital admissions and respiratory
mortality (RRs for respiratory mortality, H: RR=1.55 per 346 nanomole/m’, 95% CI=1.16-2.07,
SO,”: RR=1.24 per 329 nanomoles/m*, 95% CI=1.05-1.47; O,: RR=1.16 per 61 ppb daily
average, 95% CI=1.02-1.33, calculated for maximum - mean increment), lending support to the

theory of a “summer haze effect” (Bates and Sizto, 1987).
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The Toronto results (Burnett et al., 1998) suggest the importance of motor vehicle related
primary pollutants, although all the PM components were significant predictors of mortality in
both single and two pollutant models. The secondary regional pollutant, O, (which was the only
pollutant that was negatively correlated with CO), was not associated with mortality in Toronto.
In contrast, in Buffalo, it was secondary “summer haze mix”, O,, SO,”, and H", that showed the
most “coherent” effects in mortality and morbidity. Automobile related primary pollutants, CO,
CoH, and NO, were not as strongly associated with mortality as the “summer haze mix” in
Buffalo. Since Buffalo and Toronto are geographically close, the levels of “summer haze mix”
were relatively comparable. One possible reason for the apparent discrepancy between the
results from these two cities may be explained by the relative contributions of the primary
(automobile) pollution and the regional summer haze mix. In fact, the daily average CO level in
Toronto (1.2 ppm) was 70% higher than that in Buffalo (0.7 ppm). Also, another primary
vehicle-related pollutant, CoH, was twice as high in Toronto as in Buffalo (0.42 vs. 0.2,
respectively, 1,000 linear feet). It is also possible that the relative spatial representativeness of
sites for primary pollutants used in these cities may have been different. Measurements of
primary pollutants are likely more influenced by strong local source impact than the regional
secondary pollutants, and therefore, the location of monitor is more crucial.

In studies where multiple PM components were examined, in most cases, all the PM
components were significantly associated with mortality. Unless mutually exclusive size
fractionated PM components (i.e., PM, 5 vs. PM,,, 5) are examined, as in Schwartz et al. (1996)
6 city time-series analysis, establishing size dependency of PM effects remains difficult.

Examination of the role of acid aerosols on mortality in the U.S. has been difficult partly
because the number of days available for acid aerosol measurements were smaller than that for
other PM components, as was the case for the six city time-series data. Gwynn et al. (1999)
analysis of Buffalo data used comparable sample sizes for all PM components, and their results
are suggestive of the role of acidic particles, but distinguishing the individual pollutant effects of
the “summer haze mix” was not possible. These results suggest that, while it is difficult to
identify “responsible” PM components, identification of a group of pollutants that represents a

certain source type or pollution mix is useful.
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New Studies on Crustal Particle Effects

In the 1996 AQCD, the only study that analyzed both fine and coarse particles (Schwartz
et al., 1996) at that time suggested that fine particles (PM, ), but not coarse particles (PM,,, )
were associated with daily mortality. Since then, a few studies investigated the effects of coarse
particles, as identified as crustal wind-blown particles, or crustal particles within fine particles.

Schwartz et al. (1999) investigated the association of coarse particle concentrations with
non-accidental deaths in Spokane, Washington, where dust storms elevate coarse particle
concentration. During the 1990-1997 period, 17 dust storm days were identified. The average
PM,, levels during those storms were 263 wg/m’, compared to 39 wg/m’ for the entire period.
The coarse particle domination of PM,, data on those dust storm days was confirmed by a
separate measurement of PM,, and PM, during a dust storm in August, 1996: the PM,, level was
187 wg/m’, while PM, level was only 9.5 ng/m’. The deaths on the day of a dust storm were
contrasted with deaths on control days (n=95 days in the main analysis and 171 days in the
sensitivity analysis), which are defined as the same day of the year in other years when dust
storms did not occur. The relative risk for dust storm exposure was estimated using Poisson
regressions, adjusting for temperature, dewpoint, and day of the week. Various sensitivity
analyses considering different seasonal adjustment, year effects, and lags, were conducted. The
expected relative risk for these storm days with an increment of 221 wg/m’ would be about 1.20,
based on PM, relative risk from past studies, but the estimated RR for high PM,, days was
1.00 (95% CI=0.81-1.22). Schwartz et al. concluded that there was no evidence to suggest that
coarse particles in the Spokane summer dust storms were associated with daily mortality.

Pope et al. (1999b) investigated PM, -mortality associations in three metropolitan areas
(Ogden, Salt Lake City, and Provo/Orem) in Utah’s Wasatch Front mountain region during
1985-1995 period. While the three metropolitan areas shared common weather pattern, pollution
levels and patterns among the three areas were different due to different emission sources. They
ingeniously utilized the index of air stagnation, a clearing index (the National Weather Service
computes this index from temperature, moisture and wind), to identify and screen obvious
windblown dust days, as clearly identified as high PM,, days on the days with low air stagnation
index. They found that Salt Lake City experienced substantially more episodes of wind-blown
dusts. They therefore conducted Poisson regression of mortality series using both unscreened

and screened PM,, data. The effects of screening was most apparent in Salt Lake City results.

October 1999 6-92 DRAFT-DO NOT QUOTE OR CITE



O© 0 9 O U Bk~ WD =

W W N N N N N N N N N N e e e e e e e e
—_— O O 0 NN N L R WD RO O 0NN R WD = O

After screening, the RRs per 10 pg/m’ increase in PM,, for mortality in three metropolitan areas
were 1.6% (0.3 - 2.9), 0.8% (0.3 - 1.3), and 1.0% (0.2 - 1.8) for Ogden, Salt Lake City, and
Provo/Orem, respectively. These results suggest that the pollution episodes of wind-blown
(crustal-derived) dusts were less associated with mortality than were the episodes of
(presumably) combustion-related particles.

Laden et al. (1999) analyzed the Harvard Six-Cities data to investigate the role of crustal

particles in fine particles on daily mortality. The elemental abundance data (from X-ray

fluorescence spectroscopy analysis of daily filters) were analyzed to estimate the concentration of
crustal particles using factor analysis. Then, they estimated city-specific association of mortality

with fine crustal mass using Poisson regression (regressing mortality on factor scores for “crustal

factor”), adjusting for time trends and weather. They found no associations between fine crustal
mass factor and mortality. Details could not be reviewed because this was an abstract.
These results suggest that crustal particles (coarse or fine) are not associated with daily

mortality in these cities.

6.3.2.5 New Assessments of Confounding
Assessment of Co-Pollutant Confounding

As discussed above, the issue of potential confounding by weather was extensively
examined in two studies as reviewed in the 1996 AQCD, and was considered essentially
resolved. Therefore, discussion of confounding in this section is focused on potential
confounding among pollutants. Evaluating the extent of confounding of multiple pollution
effects in time-series studies can be complicated by differences in model specification (e.g.,
choice of lags). The following example of Philadelphia analyses conducted by two groups
illustrates the complexity of this issue.

Moolgavkar and Luebeck (1996) speculated that many of the past PM-mortality studies
suffered from “serious” deficiencies in their control of the confounding effects of other
pollutants. As a consequence, they argued, the small risks reported to be associated with the
particulate component of air pollution could be attributed to residual confounding by
co-pollutants. They conducted a new analysis of mortality in Philadelphia (1973-1988) that
considered four pollutants simultaneously, as well as seasonal effects, to illustrate this point.

Their findings are qualitatively similar to Samet et al. (1996) (or Kelsall et al. [1997], which
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presented essentially the same results) in which the Philadelphia data for the study period
1974-1988 were analyzed also by season and with simultaneous inclusion of multiple pollutants.
The Samet et al. (1996) study (Kelsall et al., 1997) was extensively discussed in the 1996 PM CD
(Section 12.6), and therefore will be discussed only in comparison to Moolgavkar-Luebeck
results here. Both studies reported that pollution effects varied by season, and TSP coefficients
diminished when other pollutants were simultaneously included.

The notable differences in findings between Samet’s group and Moolgavkar-Luebeck
included: (1) NO, in Samet et al.’s study was mostly negatively associated (except summer) with
mortality, while in Moolgavkar-Luebeck study, NO, was mostly positively associated (except
winter); (2) O, in Samet et al.’s study was positively associated with mortality across seasons
(weakest in the summer), while in Moolgavkar-Luebeck study, O, was positively associated with
mortality only in the summer. The difference may have been due to the absence of CO in
Moolgavkar-Luebeck analysis, or the difference in the optimum lags chosen for pollutants
(in Samet et al. study, concurrent day levels were used for all the pollutants except CO;
in Moolgavkar-Luebeck study, one-day lag was used for all pollutants except NO,). Thus, there
are some differences between the two groups of investigator’s results from essentially the same
data. Moolgavkar-Luebeck concluded that “..it is not possible with the present evidence to show
a convincing correlation between particulate air pollution and mortality”, while Samet’s group
concluded “...These analyses confirm the association between TSP and mortality found in
previous studies in Philadelphia and the association is robust to consideration of other
pollutants”.

Analyses of one city’s data by different researchers may produce conflicting results, but
these discrepancies can in part result from instability of regression coefficients due to collinearity
of co-pollutants, as well as model specification choice. The collinearity problem may be further
complicated by different seasonal patterns of concentrations for each pollutant, including
differential changes in distribution shape for each pollution, changes in temporal correlations for
each pollutant, and changes in the matrix of correlations of pollutants with each other (and with
weather variables) across season. PM indices can contain both primary and secondary particles,
whose seasonal patterns may vary from city to city. There may be regional, local city-to-city, or

even within city difference in the relative impact of source types. The issue of relative exposure
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error among co-pollutants, which further complicates the confounding problem, is discussed in
the measurement error section.

Thus, an evaluation of apparently inconsistent results from a city or a few cities analyzed
using different model specifications, without quantitative information on city specific
characteristics, is unlikely to yield useful information to resolve the issue of confounding.

By analyzing multiple cities’ data, a more consistent pattern may emerge, although difference in
approach may still result in inconsistent multi-city results by different researchers. Thus, a more
definitive discussion of confounding by co-pollutants awaits a large multi-city studies (e.g.,

Samet’s 100 city study) that are underway and expected to produce results soon.

Simulation Analysis of Confounding. Since no single model specification can be
“correct” in addressing confounding effects of co-pollutants, discrepancies in results among
studies, even for the same data set, are expected. While any assessment of relative
“adequateness” of these alternative model specifications is difficult with observational data, the
implication of “inadequate” model specifications may be studied through simulations using
synthetic data in which the “correct” model is known. Chen et al. (1999) conducted such
simulations using synthetic data set in which the causal variables are known, and the effects of
model misspecifcation were studied in the presence of two variables (X, and x,), with varying
level of correlation, in a Poisson model. They considered three situations: (1) model underfit, in
which mortality was generated with both x, and x,, but regressed only on x,; (2) model overfit, in
which mortality was generated with only x,, but regressed on both x; and x,. (3) model misfit, in
which mortality was generated with either X, or x, but regressed on the other variable. They
observed that the confounding of covariates in an overfitted model does not bias the estimated
coefficients but reduces their significance; and that the effect of model underfit or misfit leads to
not only erroneous estimated coefficients but also erroneous significance. Chen et al. (1999),
based on these observations, suggested that “models which use only one or two air quality
variables, such as PM,, and SO,, are probably unreliable, and that model containing several
correlated and toxic or potentially toxic air quality variables should also be investigated...”.
While conceptually useful, this simulation study ignored one factor that is crucial in evaluating
the implication of confounding, the relative error. For example, including several correlated

pollutants in regression model may lead to erroneous inference unless one considers the relative
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error associated with each of the pollutants. Several simulation studies that considered such

relative errors are discussed in Section 6.4.6.4.

Alternative Approaches to Deal with Confounding and Address Source-Type Specific Effects:
Use of Factor Analysis

In time-series analyses of the acute effects of PM, the usual approach to deal with gaseous
co-pollutantss is to treat them as confounders and to simply include them simultaneously in
regression models. There has even been a suggestion, as mentioned above, based on a simulation
analysis of synthetic data, that “several” correlated pollutants should be included in regression
models (Chen et al., 1999). This prevailing approach can not only lead to misleading
conclusions in “identifying” a specific : “causal” pollutant (e.g., when pollutants have a varying
extent of exposure error), but also ignores the potential combined effects of PM and gaseous
co-pollutants (e.g., when PM adsorbs SO, and carries it deeper in the airways, as shown by
Amdur and Chen, 1989).

Another potential problem of the simultaneous inclusion of PM and gaseous pollutants is
that the gaseous pollutant in question may be coming from the same source, or the PM
constituent may be derived from the gaseous pollutants. For example, SO, can be converted to
sulfate, which is a PM constituent. Since a confounder cannot be an intermediate step in the
causal pathway (Rothman and Greenland, 1998), strictly speaking, SO, does not qualify as a
confounder of PM, except in a situation where the PM is known to be solely of secondary origin
(transported aerosols), and SO, is solely from local origin. Furthermore, any reduction in
emission of a gaseous pollutant may also result in reducing the level of PM. In such a case, the
inference drawn from the results of simultaneous regression may be misleading, because the
relative risk for PM is based on the assumption that the covariates could be kept unchanged while
the PM level changes.

Alternative approaches are needed to address the above noted weakness in the general
practice of effect estimation using simple simultaneous regressions. There have been a few
alternative approaches tried in recent years to estimate the effects of air pollution. For example,
Ozkaynak et al. (1996) analyzed 21 years of mortality and air pollution data in Toronto, Canada.
In addition to the usual simultaneous inclusion of multiple pollutants in mortality regression, they

also conducted a factor analysis of all the air pollution and weather variables including TSP, SO,,
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Coefficient-of-Haze (CoH), NO,, O,, CO, relative humidity and temperature. The factor with the
largest variance contribution (~50%) had the highest factor loadings for CO, CoH, and NO,,
which they considered as representative of motor vehicle emissions, since this pollution grouping
was also consistent with the emission inventory information for that city. They then regressed
mortality on the factor scores (a linear combination of standardized scores for the covariates),
after filtering out seasonal cycles and adjusting for temperature and day-of-week effects. The
estimated excess mortality from motor vehicle pollution ranged from 1 to 6%, depending on the
outcomes.

Another recent example of the application of factor analysis is an analysis of the Harvard
Six-Cities data to investigate the role of crustal particles in fine particles on daily mortality
(Laden et al., 1999). They used elemental abundance data (obtained from X-ray fluorescence
spectroscopy analysis of daily filters) to estimate the concentration of crustal particles using
factor analysis. Then, they estimated city-specific association of mortality with fine crustal mass
by Poisson regression, adjusting for time trends and weather. They found no associations
between fine crustal mass factor and mortality.

Daisey et al. (1999) conducted an exploratory analysis of mortality in relation to specific
PM source types for three New Jersey cities (Camden, Newark, and Elizabeth) using factor
analysis - Poisson regression technique. During the three year study period (1981-1983),
extensive chemical speciation data were available including nine trace elements, sulfate,
particulate organic matter. Total (excluding accidents and homicides), cardiovascular and
respiratory mortality were analyzed. Daisey et al. first conducted a factor analysis of trace
elements and sulfate, identifying major source types: automobile (Pb, CO); geological (Mn, Fe);
oil burning (V, Ni); industrial (Zn, Cu); and sulfate/secondary aerosols (sulfate). In addition to
Poisson regression of mortality on these factors, they also used an alternative approach in which
the inhalable particle mass (IPM, Dy, < 15 xum) was first regressed on the factor scores of each of
the source types to apportion the PM mass, then the estimated daily PM mass for each source
type was included in Poisson regression, so that RR could be calculated per mass concentration
basis for each PM source types. They found that oil burning (V, Ni), various industrial sources
(Zn, Cd), motor vehicle (Pb, CO), and the secondary aerosols as well as individual PM indices

IPM, FPM (D,,< 3.5 um), and sulfates were associated with total and/or cardio-respiratory
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mortality in Newark and Camden, but not in Elizabeth. In Camden, the RRs for the
source-oriented PM were higher (~ 1.10) than those for individual PM indices (~1.02).

Factor analyses have been routinely used in air pollution source apportionment field, but its
application to short-term health effects analyses is relatively new. It may be a useful alternative
approach for a source-oriented evaluation of the combined effects of fine particles and gaseous
co-pollutants. The advantages of the use of factor analysis approach include: (1) it allows an
examination of association between a health outcome and a group(s) of pollutants that vary
together (due to the same source type); (2) use of independent or orthogonal factors or
components in a regression model may allow much more stable estimates of the effects of groups
of pollutants that occur together; (3) it may reduce inflated uncertainty on effect size estimates
associated with including individual highly correlated pollution variables. The potential
drawback of the factor analysis approach is that the resulting factor that may represent a
source-type well may not necessarily have the variation that is relevant for the health outcome.
There are also additional issues in interpreting the results from the analyses that utilize factor
analysis, including the “interpretability” of resulting factors as derived from a common source,
and technical issues such as the choice of rotation of factors. While potentially useful, some

issues still need to be investigated.

6.3.2.6 New Assessments of Cause-Specific Mortality

In most of the new studies that examined nonaccidental total, circulatory, and respiratory
mortality categories (Borja-Aburto et al., 1997; Wordley et al., 1997; Borja-Aburto et al., 1998;
Gwynn et al., 1998; Ostro et al., 1998; Prescott et al., 1998), estimated PM effects were generally
higher for respiratory deaths than for circulatory or total deaths, consistent with the same findings
in the 1996 PM CD.

Evaluation of the cause-specificity of various pollution and weather variables’ mortality
associations may be helpful in checking consistency with criteria for causality. A review of the
newly available studies and previous studies do not necessarily provide consistent patterns of
cause specificity that can distinguish one pollutant from others. For example, in Toronto analysis
by Burnett et al. (1998), they reported that, although the estimated CO RR was higher for cardiac
death category, “a clear positive association” was also observed for non-cardiac categories.

However, since the presumed mechanism for CO (i.e., binding to carboxyhemoglobin) may result
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in impaired oxygen delivery to the peripheral tissues, leading to other complications that may not
be necessarily cardiac, the apparent lack of cause-specificity for CO in this case may not be easily
interpreted as confounded associations.

Seeking unique cause-specificity of various pollutants has been also difficult because the
“cause specific” categories examined are rather broad (usually cardiovascular and respiratory),
and overlap or co-existence of cardiovascular and respiratory conditions is expected.
Examinations of more specific cardiovascular and respiratory sub-categories may be necessary to
test hypotheses on any specific mechanism, but smaller sample sizes for more specific
sub-categories may make a meaningful analysis difficult. The study by Rossi et al. (1999),
however, examined associations between TSP and detailed cardio-vascular and respiratory
cause-specific mortality in Milan, Italy for years 1980-1989. They found a significant association
for respiratory infections (11% increase per 100 ng/m’® increase in TSP; 95%CI: 5, 17) and for
heart failure (7%; 95%CI: 3, 11), both on the same day TSP. The associations with myocardial
infarction (10%; 95%CI: 3, 18) and COPD (12%; 95%CI: 6, 17) were found for the average of
3 and 4 day TSP levels. They noted the difference in lags between temperature effects (i.e., cold
temperature at lag 1 day for respiratory infections; hot temperature at lag 0 for heart failure and
myocardial infarction) and air pollution (TSP) effects. The immediate hot temperature effects
and the lagged cold temperature effects for total and cardiovascular mortality have been reported
in many of the past studies (e.g., Philadelphia, Chicago), but investigations of the differences in
lags of PM effects for specific cardiovascular or respiratory categories have rarely been
conducted in time-series mortality studies.

Some of recent PM studies did examine more specific type of deaths, such as intrauterine
mortality (Pereira et al., 1998) and post neonatal mortality (Woodruff et al., 1997; Bobak and
Leon, 1998). In the case of intrauterine mortality, PM,, was not a significant predictor, but CO’s
association was supported by the association between increased carboxyhemoglobin in fetal
blood and ambient CO levels on the day of delivery measured in a separate study. The Woodruff
et al. study used logistic regressions (adjusting for demographic and environmental factors) to
examine relationship between exposure to PM,, in the first two month of life and the chance of
dying from specific causes of death between 1 month and 1 year of age using cohort data of about
4 million infants. They found associations between PM,,and deaths from respiratory causes, as

well as sudden infant death syndrome. Bobak and Leon (1998) also reported associations
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between air pollution (TSP, NO,, SO,) and respiratory causes for post neonatal period using a
matched case-control study design. While these are not time-series studies, the presumed
exposure-effect period is not “long-term”. These and other study design may be potentially
useful to investigate more specific cause or type of deaths that are difficult to analyze in

time-series study design.

6.3.2.7 New Assessment of Methodological Issues

Methodological issues in time-series analyses of air pollution-mortality association were
discussed extensively in the 1996 AQCD. Since then, increasing numbers of researchers have
been utilizing essentially the same Poisson regression approach: (1) model seasonal cycles and
other temporal trends using smoothing functions of time; (2) model weather effects using
smoothing functions of temperature, humidity, and/or their interaction at various lags; (3) after
adjustment for these confounding factors, enter various lags (and averaging periods) of air
pollutant, and report results for all the lags, and/or report results for the lags that resulted in the
highest significance; (4) repeat (3) with other pollutants in the model; (5) conduct sensitivity
analyses using alternative weather model specifications. Seasonal cycles and weather effects are
often modeled using Generalized Additive Models (GAM). As the modeling temporal trends
became more efficient using the GAM models, it became clearer that the residual over-dispersion
and autocorrelation can be essentially eliminated. Also, more researchers appear to rely on
Akaike’s Information Criteria (AIC) or on the more conservative Bayes (Schwarz) Information
Criterion (BIC) to choose between models when epidemiological reasoning does not favor one
over the other. Similar estimates may be obtained by other techniques, such as the Liang-Zeger
Generalized estimating Equation (GEE) method described in (Samet et al., 1995) that deals with
autocorrelated time series. While these techniques do not necessarily eliminate inadequate model
specifications, they do help “standardize” the approaches that researchers can take, reducing the
inconsistency in model specification among studies.

Differences in results among investigators using the same or similar data sets are more
likely to be associated with other differences in model-building strategy, not with statistical
methodology. These often include: (1) choice of the range of lags and averaging periods of
pollution included; (2) smoothing spans used for modeling temporal trends and weather effects;

(3) the increment used to calculate relative risks; and, (4) choice to detrend pollution variables.

October 1999 6-100 DRAFT-DO NOT QUOTE OR CITE



O© 0 9 O W bk~ WD =

W NN N N N N N N N N e e e e e e e e
S O 0 9 N R WD RO O 0NN N R WD = O

The choice of lag can lead to inconsistent results even for the same data. The choice of the
combination of lags multiply as the number of co-pollutants in the model increases. In the case
of temperature effects, it has been repeatedly observed that the heat effects tend to be immediate
(0 or 1 day lag), while cold effects tend to lag longer (2 to 4 days). For air pollutants, however,
reported lags are less consistent.

The smoothing span for temporal trends can be determined based on epidemiological
reasons (for example, to eliminate influenza epidemics) or to optimize goodness of fit using AIC
or BIC criteria. The effects of temporal smoothing choices on the estimated effect size of
pollution variables may be substantial, but is not reported by many investigators. The span for
weather effects is usually determined through data exploration. Characterizing PM and
co-pollutant effect size by RR across the inter-quartile range for all the co-pollutants may be
problematic when co-pollutants have inconsistent distributional properties, such as different
within-season ranges and between-season ranges. While these issues may appear rather minor,

in practice, they appear to make substantial differences in reported effects and interpretations.

6.3.2.8 Summary of Newly Available Information

® Since the 1996 PM AQCD, thus far, there have been more than 30 new time-series
PM-mortality analyses, several of which investigated multiple cities using consistent data
analytical approaches. PM relative risks estimated for daily mortality in these studies are
generally positive, statistically significant, and consistent with the previously reported
PM-mortality associations. However, several studies also showed significant associations
between mortality and gaseous pollutants, such as CO and O,. Since a large number of
studies, including U.S. multi-city studies, are expected to be published in the next several
months, a quantitative summary of PM and other pollutants’ effects will not be attempted at
this time.

® The multi-city study conducted in European cities showed generally consistent associations
between mortality and both SO, and PM indices in western European cities, but not in central
and eastern European cities. The pooled estimate of PM,, - mortality relative risks calculated
for western European cities were roughly comparable to the estimates from US data. The

contrast between western and central eastern Europe results was speculated to be due to:
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difference in exposure representativeness, difference in pollution toxicity or mix, difference in
proportion of sensitive sub-population, or climate.

Several new studies are available regarding the role of size and chemistry in PM-mortality
associations. In Santa Clara County, CA, PM, ., as well as nitrate, were significantly
associated with mortality. The studies conducted in US and Canadian cities also showed
mortality associations with specific fine particle components of PM including H", SO,",

as well as PM, ;. CoH, which likely reflects motor vehicle related carbon particles, was
significantly associated with mortality in Toronto, Canada, where its level is relatively high,
but not in Buffalo, NY, where its level was lower (50% of that in Toronto). Seeking the
effects of a group of source types, rather than any individual component, may be useful for
inferring causes of adverse health effects. An association between PM, ; and mortality was
also reported in Mexico City. Several studies that investigated the role of crustal and coarse
particles suggest that crustal particles, coarse or fine, are unlikely to be associated with
mortality.

A few studies conducted simulation analyses of effects of measurement errors on the
estimated PM mortality effects. These studies suggest that PM effects are more likely
underestimated than overestimated, and that spurious PM effects (i.e., qualitative bias such as
change in the sign of the coefficient) due to transferring of effects from other covariates
require extreme conditions, and are therefore unlikely. The error due to the difference
between the average personal exposure and the ambient level are likely the major source of
bias in estimated relative risk. One study also suggested that apparent linear
exposure-response curves are unlikely to be artifacts of measurement error.

Newly available simulation and empirical analyses suggest that the extent of harvesting, if it
exists, is not in the short-term (i.e., ~ 3 days) range. These new results, combined with the
results from a few past studies, suggest that the PM-mortality risk estimates are not heavily
influenced by displacement of mortality in the very short-term period. More analyses are
needed to replicate these findings in order to evaluate whether they apply to other cities than
Philadelphia and Boston.

An increasing number of studies have considered co-pollutants in their analyses. While PM
indices remained significant in most of these multi-pollutant analyses, the relative significance

of mortality associations among co-pollutants varied from study to study. Several studies
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suggested that the relative significance of mortality associations may be partly explained by
differences in the spatial representativeness of the monitors from which the exposure-related
data were derived. The apparent difference among cities may also be explained by the
difference in relative impact of source types (e.g., regional pollutants vs more local
automobile related pollution). More systematic and quantitative evaluation of these factors

using multi-city data could explain the apparent discrepancy in individual study results.

6.3.3 Human Mortality and Long-Term Exposure to PM of Ambient Origin
6.3.3.1 Studies Published Prior to the 1996 Particulate Matter Criteria Document
Aggregate Population Cross-Sectional Chronic Exposure Studies

Mortality effects associated with chronic, long-term exposure to particulate matter (PM) air
pollution of outdoor origins have been assessed in cross-sectional studies and, more recently, in
prospective cohort studies. A number of older cross-sectional studies from the 1970s provided
indications of increased mortality associated with chronic (annual average) exposures to ambient
PM, especially with respect to fine mass or sulfate (SO,") concentrations. However, questions
unresolved at that time regarding the adequacy of statistical adjustments for other potentially
important covariates (e.g., cigarette smoking, economic status, etc.) across cities tended to limit
the degree of confidence that was placed by the 1996 PM AQCD (U.S. Environmental Protection
Agency, 1996) on such purely “ecological” studies or on quantitative estimates of PM effects
derived from these studies. Evidence comparing the toxicities of specific PM components was
relatively limited. The sulfate and acid components had already been discussed in detail in the
previous PM AQCD (U.S. Environmental Protection Agency, 1986).

Lippmann (1989) hypothesized that the acidic portion of the fine particle aerosol (i.e., H)
was an important contributor to the adverse health effects of PM. Ozkaynak and Thurston (1987)
applied source apportionment methods to the IP Network data, finding that fine particles from
coal combustion and from the metals industry were more important contributors to the
PM-mortality association than other PM mass contributors (e.g., soil particles). Lipfert (1984)
examined the 1980 U.S. mortality-PM data set using much more heavily specified models,
finding that PM, ; was the strongest particulate variable in linear models (with Mn, a possible

tracer for metals industry emissions, also approaching significance).
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Semi-Individual (Prospective Cohort) Chronic Exposure Studies

Semi-individual cohort studies have used subject-specific information about relevant
covariates (such as cigarette smoking, occupation, etc.), providing more certain findings of long-
term PM exposure effects than past purely “ecological studies” (Kiinzli and Tager, 1997). At the
same time, these better designed cohort studies have largely confirmed the magnitude of the
effect estimates from past cross-sectional study results, renewing interest and confidence in their
findings.

Prospective cohort semi-individual studies of mortality associated with chronic exposures
to air pollution of outdoor origins have yielded especially valuable insights into the adverse
health effects of long-term PM exposures. The extensive Harvard 6-Cities Study (Dockery et al.,
1993) and the American Cancer Society (ACS) Study (Pope et al., 1995) agreed in their findings
of statistically significant positive associations between fine particles and excess mortality,
although the ACS study did not evaluate the possible contributions of other air pollutants.
Neither study considered multi-pollutant models, although the 6-City study did examine various
gaseous and particulate matter pollutants (including total particles, PM, 5, SO,” H" SO,, and
ozone), finding that sulfate and PM, ; fine particles were best associated with mortality. The RR
estimates for total mortality in the 6-Cities study (and 95 percent confidence intervals, CI) per
increments in PM indicator levels were: RR=1.42 (CI=1.16-2.01) for 50 ug/m’ PM,,, RR=1.31
(CI=1.11-1.68) for 25 ug/m® PM, ,, and RR=1.46 (CI=1.16-2.16) for 15 ug/m* SO,”. The
estimates for total mortality derived from the ACS study were RR=1.17 (CI=1.09-1.26) for
25 ug/m’ PM, s, and 1.11 (CI=1.06-1.16) for 15 pug/m* SO,”. The ACS pollutant RR estimates
are smaller than those from the 6-Cities study, although their 95% continence intervals overlap.
In some cases in these studies, the life-long cumulative exposure of the study cohorts included
distinctly higher past PM exposures, especially in the cities with historically higher PM
concentrations such as Steubenville, OH; but more current PM measurements were used to
estimate the chronic PM exposures. In the ACS study, the pollutant exposure estimates were
based upon concentrations at the start of the study (during 1979-1983. Also, the average age of
the ACS cohort was 56, which could overestimate the pollutant RR estimates, and might
underestimate the life-shortening associated with PM associated mortality. Thus, while caution

must be exercised regarding the use of the reported quantitative risk estimates, the 6-Cities and
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ACS semi-individual studies provided consistent evidence of a significant mortality association
with long-term exposure to PM of ambient origins.

In contrast to the 6-Cities and ACS studies, early results from the Adventist Health Study
on Smog (AHSMOG) of California nonsmokers by Abbey et al. (1991) and Abbey et al. (1995)
found no significant mortality effects of previous PM exposure in a relatively young cohort.
However, these analyses used TSP as the PM exposure metric, rather than more health relevant
PM metrics such as PM,, or PM, s, included fewer subjects than the ACS study, and considered a
shorter follow-up time than the 6-Cities study (ten years vs. 15 years for the 6-Cities study).
Moreover, the AHSMOG study included only non-smokers, who the 6-cities studies indicate to
have lower pollutant RR’s than smokers, suggesting that a longer follow-up time than considered
in the past (10 years) might be required to have sufficient power to detect significant pollution
effects than is required in studies that include smokers, such as the 6-Cities and ACS studies.
Thus, to date, greater emphasis has been placed on the 6-Cities and ACS studies.

Overall, these past chronic exposure studies collectively indicate that there are increases in
mortality that are associated with long-term exposure to airborne particles of ambient origins.
These estimates of long-term PM exposure effect size for total mortality (e.g., RR=1.17 for
25 ug/m’ PM, 5 from the ACS study) are much larger than those reported from daily mortality
PM studies (e.g., multi-study pooled RR=1.044 per 50 pg/m* PM,,, from Schwartz, 1997). Thus,
even the upper limit estimate of the long-term implications of the reported daily mortality effects
(i.e., assuming that they are fully additive over time) falls well below the chronic exposure study
mortality effect estimates. This suggests that a major fraction of the reported mortality relative
risk estimates associated with chronic PM exposure reflect cumulative PM impacts above and
beyond those that could be exerted by the sum of acute exposure events.

The 1996 PM AQCD reached several conclusions concerning four key questions about the
prospective cohort studies. Relevant sections from Ch. 12 (pp. 180-182) of the 1996 document

are quoted directly:

1. Have potentially important confounding variables been omitted?
“While it is not likely that the prospective cohort studies have overlooked plausible
confounding factors that can account for the large effects attributed to air pollution, there may be

some further adjustments in the estimated magnitude of these effects as individual and
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community risk factors are included in the analyses.” These include individual variables such as
education, occupational exposure to dust and fumes, and physical activity, as well as ecological
(community) variables such as regional location, migration, and income distribution. Further

refinement of the effects of smoking status may also prove useful.

2. Can the most important pollutant species be identified?

“The issue of confounding with co-pollutants has not been resolved for the prospective
cohort studies. ... Analytical strategies that could have allowed greater separation of air pollutant
effects have not yet been applied to the prospective cohort studies.” The ability to separate the
effects of different pollutants, each measured as a long-term average on a community basis, was
clearly most limited in the Six Cities study. The ACS study offered a much larger number of
cities, but did not examine differences attributable to the (spatial and temporal) differences in the
mix of particles and gaseous pollutants across the cities. The AHSMOG study constructed time-
and location-dependent pollution metrics for most of its subjects that might have allowed such

analyses, but no results were reported, then or subsequently.

3. Can the time scales for long-term exposure effects be evaluated?

“Careful review of the published studies indicated a lack of attention to this issue.
Long-term mortality studies have the potential to infer temporal relationships based on
characterization of changes in pollution levels over time.” This potential was greater in the Six
Cities and AHSMOG studies because of the greater length of the historical air pollution data for
the cohort.

4. Is it possible to identify pollutant thresholds that might be helpful in health assessments?
“Model specification searches for thresholds have not been reported for prospective cohort
studies.” The time scale of an air pollution exposure metric for which a threshold is being sought
is a key element in a model specification search.
“The chronic exposure studies, taken together, suggest that there may be increases in
mortality in disease categories that are consistent with long-term exposure to airborne particles,

and that at least some fraction of these deaths are likely to occur between acute exposure
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episodes. If this interpretation is correct, then at least some individuals may experience some
years of reduction of life as a consequence of PM exposure.” (P 12-368).

Many of these issues remain unresolved at this time. Extensive reanalyses of the Six Cities
and ACS studies are underway to evaluate these questions, under the sponsorship of the Health
Effects Institute. Preliminary public presentations (Health Effects Institute, 1999) suggest that
the published findings of the original investigators (Dockery et al., 1993; Pope et al., 1995) are
based on substantially valid data sets and statistical analyses, and that small corrections in input
data have very little effect on the findings. Additional investigations to evaluate the effects of
alternative model specifications are in progress, and may be available in time for the final draft of
this document.

Recently published analyses of the AHSMOG study (Abbey et al., 1999; Beeson et al.,
1998) considerably extend the earlier findings of the investigators, and also show some
differences from earlier studies. Of particular interest are their findings in relation to lung
cancer. These are discussed below in some detail. Additional studies suggest possible effects of
sub-chronic PM exposures on infant mortality (Woodruff et al., 1997; Bobak and Leon, 1998),
and these are also included below in this discussion of long-term PM exposure effects on

mortality.

6.3.3.2 Prospective Cohort Studies of Chronic Exposure Published Since the Last
Particulate Matter Criteria Document

Abbey et al. (1999)

The Adventist Health Study of Smog (AHSMOG) enrolled 6,338 non-smoking
non-Hispanic white Seventh Day Adventist residents of California, ages 27 to 95 years, in 1977.
The participants had resided for at least 10 years within 5 miles (8 km) of their then-current
residence locations. Subjects lived either within the 3 major California air basins (San Diego,
Los Angeles, or San Francisco), or else were part of a random 10% sample of Adventist Health
Study participants in the rest of California. The study has been extensively described elsewhere
(Hodgkin et al., 1984; Abbey et al., 1991; Mills et al., 1991). Mortality status of the subjects
after ca. 15-years of follow-up (1977-1992) was determined by a variety of tracing methods,
finding 1,628 deaths (989 female, 639 male) in the cohort. There were 1,575 deaths from all

natural (non-external) causes, of which 1,029 were cardiopulmonary deaths, 135 were
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non-malignant respiratory deaths (ICD9 codes 460-529), and 30 were lung cancer deaths

(ICD9 code 162). Abbey et al. also created an additional death category, contributing respiratory
causes (CRC). CRC included any mention of nonmalignant respiratory death as either an
underlying cause or a contributing cause on the death certificate coded by an exposure-blinded
nosologist (the other groups listed only underlying causes), with 410 deaths (246 female and

164 male). A large number of analyses were done for the CRC category, due to the large
numbers and relative specificity of respiratory causes as a factor in the deaths.

Education was used as an index of socio-economic status, rather than income. Physical
activity and occupational exposure to dust were also used as covariates. Migration is not a major
concern in this residentially stable cohort.

A number of exposure indicators were used: mean values of PM,, (imputed from TSP in
the earlier years of the study), SO,", SO,, O,, and NO,; and “threshold” indicators, days per year
with PM,, > 100 pg/m’, and hours per year with O, > 100 ppb. The “standard” increments used
for PM,, and SO, in these tables are the same as described above for the short-term mortality
studies, 50 ug/m’ for PM,, and 15 ug/m’ for SO,, and 30 days per year for exceedances of PM,,
above 100 ng/m’. The mean values for PM,, and SO, during the study period were 51 and
7.2 ug/m’ respectively, and 31 days per year for PM,, exceedances over 100 ng/m’. The means
were much larger than the inter-quartile ranges (IQR) of 24 and 3.0 g/m®. IQR is the increment
used for other variables. RR and confidence limits using IQR from (Abbey et al., 1999) are
shown to 2 decimal places, those estimated for standard increments are shown to 3 decimal
places.

Cox proportional hazard models adjusted for a variety of covariates, or stratified by sex,
were used in the models. The “time” variable used in most of the models was survival time from
date of enrollment, except that age on study was used for lung cancer effects due to the expected
lack of short-term effects. A large number of covariate adjustments were evaluated, as shown in
Table 6-25 and described by Abbey et al. (1999).

The CRC estimates of RR from 30 days per year with PM,, > 100 ng/m’ for males and
females combined are shown in Table-25. Positive and statistically significant effects are found
for almost all models that include age, pack-years of smoking, and body-mass index (BMI)
categories as covariates. Subsets of the cohort also often had elevated risks. Former smokers

had higher relative risks than never-smokers (RR for PM,, exceedances for never-smokers was
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TABLE 6-25. RELATIVE RISK OF MORTALITY FROM CONTRIBUTING
NON-MALIGNANT RESPIRATORY CAUSES, FOR
30 DAYS PER YEAR WITH PM,, > 100 xg/m’

PM Covariate Model RR RR LCL RR UCL
BASE (age, sex) 1.069 0.978 1.168
BASE + pack-years 1.096 1.000 1.201
BASE + pack-years + body-mass-index cats. 1.122 1.022 1.233
BASE + pack-years + body-mass-index cats.+ exercise cats. 1.122 1.017 1.239
STANDARD (age, pack-y., y. lived with smoker, occup., educ., BMI) 1.122 1.017 1.239
STANDARD w. PM ,, (100) over last 4 years only 1.102 1.001 1.214
STANDARD, subset for former smokers 1.155 0.937 1.424
STANDARD, subset for never smokers 1.116 0.999 1.246
STANDARD, subset for low anti-oxidant vitamin intake 1.175 1.008 1.370
STANDARD, subset for high anti-oxidant vitamin intake 1.055 0.917 1.214
STANDARD, subset for < 4 h/wk outdoors 1.048 0.896 1.227
STANDARD, subset for 4-16 h/wk outdoors 1.122 0.928 1.358
STANDARD, subset for 16+ h/wk outdoors 1.207 1.015 1.436
STANDARD, subset for reported respiratory symptoms 1.321 1.079 1.616

Source: Abbey et al. (1999).

marginally significant by itself, in spite of the reduced sample size). Subjects with low intake of
anti-oxidant vitamins A, C, E had significantly elevated risk of response to PM,, whereas those
with adequate intake did not, suggesting that dietary factors (or possibly other socio-economic or
life style factors for which they are a surrogate) may be important covariates in other studies.

There also appears to be a gradient of PM,, risk with respect to time spent outdoors, with
individuals who had spent at least 16 hours per week outside at distinctly elevated risk from PM,,
exceedances. The extent to which time spent outdoors is a surrogate for other variables or is a
modifying factor reflecting temporal variation in exposure to ambient air pollution is not certain.
For example, males spend about twice as much time outdoors as females, so that outdoor

exposure time is confounded with gender.
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A considerably different picture is shown when the analyses are broken down by gender.
Table 6-26 shows much lower RR for female CRC deaths for all co-pollutants, with all female
RR positive, but not statistically significant. The CRC for males remains significant only for
PM,, exceedances, but not for other air pollution metrics. The PM,, exceedance effect for CRC

for both sexes is roughly the average of that for males and females.

TABLE 6-26. RELATIVE RISK OF MORTALITY FROM CONTRIBUTING
NON-MALIGNANT RESPIRATORY CAUSES, BY SEX AND
AIR POLLUTANT, WITH ALTERNATIVE COVARIATE MODEL

Females Males
Pollution Index Pollution Incr.
RR RRLCL RRUCL RR RRLCL RRUCL
PM,,>100, d/yr 30 days/yr 1.069 0.936 1.220 1.188 1.030 1.370
PM,, mean 50 ug/m’ 1.219 0.739 2.011 1.537 0.879 2.688
SO, mean 15 ug/m’ 1.105 0.396 3.086 1.219 0411 3.619
0,>100 ppb, h/yr 551 h/yr (IQR) 1.01 0.77 1.33 1.20 0.88 1.64

Source: Abbey et al. (1999).

Personal monitoring was not conducted on this part of the cohort, and other factors such as
occupational exposure for which the questionnaire was not adequate may also account for male
vs. female differences, along with gender differences in the amount of time spent outdoors.
Finally, it is not surprising that individuals reporting respiratory symptoms in 1977 may be at
greater risk to PM,, or other environmental insults presumably involved in subsequent CRC
deaths, and prior health status may also be gender-related.

Table 6-27 shows much lower RR for female non-external deaths for all co-pollutants, with
no female RR positive nor statistically significant. Deaths from non-external causes for males
remains statistically significant for PM,, exceedances, but not for other air pollution metrics.
However, the RR estimates for males for other air pollutant metrics are relatively large.

Table 6-28 shows much lower RR for female cardio-pulmonary deaths for all co-pollutants,

with only the female RR for mean SO, positive and none statistically significant. Deaths from
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TABLE 6-27. RELATIVE RISK OF MORTALITY FROM ALL
NON-EXTERNAL CAUSES, BY SEX AND AIR POLLUTANT,
FOR AN ALTERNATIVE COVARIATE MODEL

Females Males
Pollution Index Pollution Incr. RR RRLCL RRUCL RR RRLCL RRUCL
PM,,>100, d/yr 30 days/yr 0.958 0.899 1.021 1.082 1.008 1.162
PM,, mean 50 ug/m’ 0.879 0.713 1.085 1.242  0.955 1.616
SO, mean 15 pg/m’ 0.732 0.484 1.105 1.279  0.774 2.116
05>100 ppb, h/yr 551 h/yr (IQR) 0.90 0.80 1.02 1.140  0.98 1.32
SO, mean 3.72 IQR) 1.00 0.91 1.10 1.05 0.94 1.18

Source: Abbey et al. (1999).

TABLE 6-28. RELATIVE RISK OF MORTALITY FROM
CARDIOPULMONARY CAUSES, BY SEX AND AIR POLLUTANT,
FOR AN ALTERNATIVE COVARIATE MODEL

Females Males

Pollution Index Pollution Incr. RR RRLCL RRUCL RR RRLCL RRUCL
PM,>100, d/yr 30 days/yr 0.929 0.857 1.007 1.062  0.971 1.162
PM,, mean 50 ug/m’ 0.841 0.639 1.107 1.219  0.862 1.616
SO, mean 15 pg/m’ 0.857 0.498 1.475 1.279  0.002 1018
05>100 ppb, h/yr 551 h/yr (IQR) 0.88 0.76 1.02 1.06 0.87 1.29

O; mean 10 ppb 0.975 0.865 1.099 1.066  0.920 1.236
SO, mean 3.72 (IQR) 1.02 0.90 1.15 1.01 0.86 1.18

Source: Abbey et al. (1999).

cardiopulmonary causes for males is no longer statistically significant for PM,, exceedances, nor
for other air pollution metrics. However, the RR estimates for males for air pollutant metrics are
relatively large.

Table 6-29 shows lower RR for female lung cancer deaths for all co-pollutants, but some

female RR are positive and statistically significant: mean NO,, mean SO, for all women and for
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TABLE 6-29. RELATIVE RISK OF MORTALITY FROM LUNG CANCER, BY SEX
AND AIR POLLUTANT, FOR AN ALTERNATIVE COVARIATE MODEL

Females Males
Pollution Pollution Smoking
Index Incr. Category RR RRLCL RRUCL RR RRLCL RRUCL
PM,,>100, d/yr 30 days/yr All 1.055  0.657 1.695 1.831 1.281 2.617
PM,, mean 50 pug/m’ All 1.808  0.343 9.519 12385  2.552 60.107
NO, mean 19.78 (IQR) All 2.81 1.15 6.89 1.82 0.93 3.57
0;>100 ppb, h/yr 551 h/yr IQR)  All 1.39 0.53 3.67 4.19 1.81 9.69
never smoker 6.94 1.12 43.08
past smoker 4.25 1.50 12.07
O; mean 10 ppb All 0.805  0.436 1.486 1.853 0.994 3.453
SO, mean 3.72 (IQR) All 3.01 1.88 4.84 1.99 1.24 3.20
never smokers  2.99 1.66 5.40

Source: Abbey et al. (1999).

Note 1: All = both never smokers and past smokers.

female never-smokers. Deaths from lung cancer for males remains statistically significant for all
air pollution metrics except mean NO,, and is nearly significant for mean O,. The RR estimates
for males for all air pollutant metrics are relatively large. However, the confidence intervals are
wide, due to the small numbers of lung cancer deaths (18 for females and 12 for males).

Lung cancer effects are significant for males for PM,, and O, metrics, but not for females.
Lung cancer metrics for mean SO, are significant for both males and females. Lung cancer
deaths are significant for mean NO, for females, but not for males. This pattern is not readily
interpretable but may be attributable to the small numbers of deaths.

The CRC effects identified in this study are significant when both females and males are
included, but not when female and male subjects are analyzed separately, except for male
subjects with PM,, exceeding 100 ng/m’. The effects of PM,, exceeding 100 ng/m’ on mortality
from all non-external causes are also statistically significant for males, but not for other air

pollutants, and not for females. Separate analyses by gender may be more appropriate in order to
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maintain the assumption of “proportional hazards” necessary for the validity of Cox method of
analysis.

In general, this study suggests a pattern of mortality from diverse causes in males, but
provides little evidence for female mortality from these causes. The male causes are primarily
associated with exposures to PM,,, especially PM,, > 100 wg/m’. Other air pollutants are
associated with lung cancer deaths in females as well as males.

The analyses reported here attempted to separate PM,, effects from those of the other
pollutants by use of two-pollutant models, but none of the quantitative findings from these
models were reported. The text mentions that the PM,, coefficient for CRC remained stable or
increased when other pollutants were added to the model. Lung cancer models for males were
evaluated for co-pollutant effects in detail. NO, remained nonsignificant in all two-pollutant
models, and the other pollutant coefficients were stable in magnitude. The PM,, and O, effects
remained stable when SO, was added, suggesting that their effects are independent. However,
the effects of PM,, and O, were hard to separate because these pollutants were highly correlated
in this study. When both exceedances PM,, > 100 ng/m’ and O, > 100 ppb were used in the
model, both RR were reduced in magnitude, but the O, exceedance RR remained more
significant than the RR for the PM,, exceedance. The possibility that the finding of a significant
PM,, effect is partially attributable to correlation with other pollutants such as O, cannot be
completely precluded. The finding of an O, effect on lung cancer is not readily explained, and
the finding of a PM,, effect on lung cancer (consistent with the ACS and Six Cities studies) is
more plausible.

The SO, coefficient for lung cancer in females remained stable in two-pollutant models
when PM,, and O, exceedances were included. This suggests that the significance of the SO,

effect for females may not be an artifact attributable to collinearity with these co-pollutants.

Beeson et al. (1998)

This study uses essentially the same data as in (Abbey et al., 1999), but concentrates on
lung cancer incidence (1977-1992) as an endpoint. There were only 20 female cases and 16 male
cases of lung cancer among the 6,338 subjects. The exposure metrics were constructed to be
specifically relevant to cancer, being the annual average of the monthly exposure indices from

January, 1973, through the following months, but ending 3 years before the date of diagnosis of
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the case. This allows a 3-year lag between exposure and diagnosis of lung cancer, allowing for a
latency period. Therefore, statistical indices for exposure have somewhat different statistics than
in (Abbey et al., 1999), such as the IQR and mean. In spite of improved treatment of lung cancer
over the last decades, this disease still has a rather pessimistic prognosis compared to other
diagnoses of long-term mortality, so is discussed along with the mortality analyses.

The covariates in the Cox proportional hazards model were pack-years of smoking and
education, and the time variable was attained age. A number of additional covariates were
evaluated for inclusion in the model, but only ‘current use of alcohol” met the criteria for
inclusion in the final model. Individual pollutants evaluated were PM,,, SO,, NO,, and O;.

No interaction terms with the pollutants proved to be significant, including outdoor exposure
times. Gender-specific relative risk estimates were reported for the various risk factors.

Results are shown in Table 6-30 for males and Table 6-31 for females. Standard
increments were used for PM,, mean (50 1g/m*) and exceedances of PM,, > 100 ug/m’ (30 d/y).
RR and confidence limits using IQR from (Beeson et al., 1998) are shown to 2 decimal places,
those estimated for standard increments are shown to 3 decimal places.

The male RR for lung cancer are positive and are statistically significant for all PM,,
indicators. Male RR reported are positive and predominantly significant for O, indicators, except
for mean O,, number of O, exceedances > 60 ppb, and in former smokers. Reported RR for
mean SO, are positive and significant except when restricted to proximate monitors. RR for
mean NO, is positive but not significant.

The very high RR for mean PM,, for males (31.1) may be attributable to the small number
of cases (N = 16) and the large standard increment (50 xg/m*) used. When data are restricted to
subjects with at least 80 percent A/B quality data (within 32 km of the residence), the RR is
reduced to 9.26 over 50 ug/m’. The RR over the IQR of 24 ng/m? in the full data set is 5.21, so
that the use of the IQR may be more appropriate for the exposure in long-term studies. The
female RR reported are much smaller, not being statistically significant for any indicator of PM,,
or O,, and statistically significant only for mean SO,.

Extensive multi-pollutant analyses were carried out, but the results are not described in
detail. Regression coefficients for PM,, and SO, were not reduced when O, or NO, were added
to the single-pollutant models for males. The regression coefficients for the two-pollutant model

with PM,, and SO, remained highly positive and significant, which the authors suggest may be
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TABLE 6-30. RELATIVE RISK OF LUNG CANCER INCIDENCE IN MALES, BY
AIR POLLUTANT, FOR ADVENTIST HEALTH STUDY

Pollution Index Pollution Incr. Covariate Model or Sub-Group RR RRLCL RRUCL
PM,,>40 ug/m’ 139 d/y (IQR)  standard 4.50 1.31 15.44
PM,>50 pg/m’ 149 d/y (IQR)  standard 4.96 1.54 16.00
PM,,>60 ug/m’ 132 d/y (IQR)  standard 4.72 1.69 13.18
PM, >80 ug/m’ 78 d/y (IQR) standard 3.43 1.71 6.88
PM,,>100 ug/m’ 30 dly standard 2127 1454 3.112
PM,, mean 50 ug/m’ standard 31.147 3978 243.85
SO, mean 3.7 ppb standard 2.66 1.62 4.39
NO, mean 2.0 ppb standard 1.45 0.67 3.14
0,>60 ppb 935 hly standard 2.14 0.82 5.62
0,>80 ppb 756 h/y standard 2.96 1.09 8.04
0,>100 ppb 556 h/y standard 3.56 1.35 9.42
0,>120 ppb 367 h/y standard 3.75 1.55 9.90
0,>150 ppb 185 hly standard 3.61 1.78 7.35
O, mean 2.1 ppb standard 2.23 0.79 6.34
PM,,>100 ug/m’ 30dly never smokers 2.102 1.325 3.335
0,>100 ppb 556 h/y never smokers 4.48 1.25 16.04
0,>100 ppb 556 hly past smokers 2.15 0.42 10.89
PM,,>100 ug/m’ 30d/y high population density 2.865 1.794 4.574
0,>100 ppb 556 h/y high population density 10.18 2.44 42.45
SO, mean 3.7 ppb high population density 3.22 1.87 5.54
PM,, mean 50 ug/m’ > 80% data from monitors within 9.256 1.135 75.516

20 miles of residence

SO, mean 3.7 ppb > 80% data from monitors within 2.18 0.92 5.20
20 miles of residence

Source: Beeson et al. (1998).
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TABLE 6-31. RELATIVE RISK OF LUNG CANCER INCIDENCE IN FEMALES, BY
AIR POLLUTANT, FOR ADVENTIST HEALTH STUDY

Pollution Index Pollution Incr.  Covariate Model or Sub-Group RR RR LCL RR UCL
PM,,>50 ug/m’ 149 d/y (IQR)  standard 1.21 0.55 2.66
PM,,>60 ug/m’ 132 d/y (IQR)  standard 1.25 0.57 2.71

SO, mean 3.7 ppb standard 2.14 1.36 3.37
0,>100 ppb 556 h/y standard 0.94 0.41 2.16
PM,,>100 pug/m’ 30dly high population density 1.089 0.726 1.633
SO, mean 3.7 ppb high population density 2.11 1.32 3.38
PM,, mean 50 ug/m’ > 80% data from monitors 2.425 0.310 19.004

within 20 miles

SO, mean 3.7 ppb > 80% data from monitors 2.52 1.19 5.33
within 20 miles

Source: Beeson et al. (1998).

associated with independent effects of PM,, and SO, on lung cancer incidence. PM,, was more
strongly correlated with lung cancer in males than the other pollutants. For females, the SO,
coefficient remained significant when co-pollutants were added one at a time, and was the air

pollutant most strongly associated with lung cancer in females.

Relationship to Earlier AHSMOG Studies

The results of the preceding two studies are somewhat different than those of earlier studies
using the same cohort. Abbey et al. (1991) reported completely non-significant relationships
between total (‘all natural causes’) mortality and air pollution. The RR for 1000 h/y of
TSP > 200 pg/m® was 0.99 (CI 0.87-1.13), and for 500 h/y of O, > 100 ppb was
1.00 (CI 0.89-1.12), after 10 years of follow-up.

Abbey et al. (1991) report no statistically significant increases in all malignant neoplasms
for males attributable to air pollution. The RR for 1000 h/y of TSP > 200 ug/m’® was
0.96 (CI1 0.68-1.36), and for 500 h/y of O3 > 100 ppb was 1.09 (CI 0.80-1.47), after 10 years of
follow-up. However, there was a statistically significant increase in all malignant neoplasms in

females. The RR for females attributed to 1000 h/y of TSP > 200 ng/m’ was 1.37 (CI 1.05-1.80).
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Neoplasms in females attributed to 500 h/y > 100 ppb were much less significant with
RR =1.03 (CI0.81-1.32).

There were only 17 cases of respiratory cancer in this study, so while the estimated RR
were large (1.72 for TSP and 2.25 for O,), the confidence intervals were also very wide
(CI0.81-3.65 for TSP and 0.96-5.31 for O, effects). Findings of significant effects of TSP on
respiratory symptoms but not lung cancer may be attributed to the longer latency time of cancers.
Additional results reported by Mills et al. (1991) further elaborated on site-specific cancers
among females, but only breast cancers (RR = 1.51) and ‘other’ cancers (RR = 1.65) showed a
marginal relationship (P = 0.10) to TSP exceedances in the 10-year follow-up. These results are

also summarized in (Abbey et al., 1995).

6.3.3.3 Relationship of AHSMOG to Six Cities and ACS Study Findings

The results of the recent AHSMOG mortality studies (Abbey et al., 1999) are compared
with the earlier Six Cities study (Dockery et al., 1993) and ACS study (Pope et al., 1995) to a
greater level of detail than in the 1996 PM AQCD. Tables 6-32, 6-33, and 6-34 compare the
estimated RR for total, cardiopulmonary, and lung cancer mortality respectively among the
studies. The PM indices used are the mean PM,, concentration for the Six Cities and AHSMOG
studies (increment 50 ng/m®), and the mean PM, s and SO, concentrations (increments 25 and
15 wg/m’ respectively) for the ACS study. The comparisons for the Six Cities and ACS studies
have been translated from published RR for the most polluted vs. least polluted city for PM,,,
PM,, and SO,. Results are shown by sex and smoking status. The AHSMOG subjects are
classified as ‘non-smokers’, although some former smokers are included. The ACS study
combines past and current smokers into an ‘ever smoker’ category, although long-term past
smokers are at much lower risk than current smokers (U.S. Department of Health and Human
Services, 1990). The number of subjects in these studies varies greatly, partially accounting for
differences 8,111 subjects in the Six Cities study, compared to 295,223 subjects in the 50 fine
particle cities and 552,138 subjects in the 151 sulfate cities of the ACS study.

Table 6-32 shows relative risks for total mortality at comparable standard increments. RR
is generally highest for the Six Cities study. The AHSMOG study found a much smaller RR for
women than did the other studies, whereas the effect for males was similar to non-smokers in the

ACS study and marginally significant. RR among the three studies varied substantially with
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TABLE 6-32. RELATIVE RISK (RR) OF TOTAL MORTALITY IN THREE
PROSPECTIVE COHORT STUDIES, BY SEX AND SMOKING STATUS

PM PM
Sex  Smoking Status Study Index Inc. RR RRLCL RRUCL
F NON-SMOKER  Six Cities PM,, 50 1.280 0.704 2.345
ACS PM, 25 1.215 1.020 1.440
SO, 15 1.147 1.045 1.261

AHSMOG  PM,, 50 0.879 0.713 1.085

PAST Six Cities ~ PM,, 50 1.999  0.704 5.632
PAST + ACS PM,, 25 1.102  0.898 1.338
CURRENT

SO, 15 1.104 0977 1.240

CURRENT Six Cities ~ PM,, 50 1442 0719 3.166

M  NON-SMOKER Six Cities ~ PM,, 50 1.568  0.674  3.678

ACS PM,, 25 1.245 1.000 1.554

SO, 15 1.104 0977 1.247

AHSMOG  PM,, 50 1242 0.955 1.616

PAST Six Cities ~ PM,, 50 1.611 0930  2.825

PAST + ACS PM,, 25 1.164 1.051 1.297
CURRENT

SO, 15 1.104 1.037 1.176

CURRENT Six Cities ~ PM,, 50 1.858 1.090  3.166

Sources: Dockery et al. (1993); Pope et al. (1995); Abbey et al. (1999).

sex and smoking categories. Six of the 16 independent analyses showed significant positive RR
(LCL > 1.0), but subsetting the data allowed less power to detect effects than the whole data sets
would have allowed. Neither of the AHSMOG RR were significant using the mean as the PM,,
index, but another PM,, index (exceedances over 100 g/m’) was significant for males.

Table 6-33 shows relative risks for cardiopulmonary mortality at comparable standard
increments. RR is highest for the Six Cities study, which did not report separate effects by sex
and smoking status. The AHSMOG study found a much smaller cardiopulmonary RR for
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TABLE 6-33. RELATIVE RISK (RR) OF CARDIOPULMONARY MORTALITY IN
THREE PROSPECTIVE COHORT STUDIES, BY SEX AND SMOKING STATUS

PM PM RR

Sex  Smoking Status Study Index Inc. RR RR LCL UCL

F NON- ACS PM, 25 1.585 1.235 2.039
SMOKERS

SO, 15 1.316 1.147 1.518

AHSMOG PM,, 50 0.841 0.639 1.107

AHSMOG - PM,, 50 1.219 0.739 2.011

CRC

PAST + ACS PM, 25 1.276 0918 1.760
CURRENT

SO, 15 1.219 1.008 1.465

M NON- ACS PM, 25 1.245 0.929 1.668
SMOKERS

SO, 15 1.205 1.023 1.412

AHSMOG PM,, 50 1.219 0.862 1.616

AHSMOG - PM,, 50 1.537 0.879 2.688

CRC

PAST + ACS PM, 25 1.235 1.061 1.440
CURRENT

SO, 15 1.126 1.037 1.233

F+M ALL Six Cities PM,, 50 1.744 1.202 2.501

Sources: Dockery et al. (1993); Pope et al. (1995); Abbey et al. (1999).

women than did the other studies. However, the RR for male non-smokers was much more
similar to the ACS studies than for female non-smokers. RR for the AHSMOG endpoint CRC
(‘contributing respiratory causes’) was more similar to the ACS findings for women, but higher
in men, although the confidence intervals are very wide. Seven of 13 of the independent analyses
showed significant positive RR (LCL > 1.0). The AHSMOG cardiopulmonary RR using mean
PM,, were not significant. However, the 100 ug/m’ exceedance index for males was nearly so.
Table 6-34 shows relative risks for lung cancer mortality at comparable standard
increments. RR was highest for males in the AHSMOG study, and statistically significant. The
AHSMOG study also found a larger RR for women than did the other studies. The only other
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TABLE 6-34. RELATIVE RISK (RR) OF LUNG CANCER MORTALITY IN THREE
PROSPECTIVE COHORT STUDIES, BY SEX AND SMOKING STATUS

PM PM
Sex  Smoking Status Study Index Inc. RR RRLCL RRUCL
F NON- ACS PM, . 25 0.644 0.203 2.091
SMOKERS
SO, 15 1.432 0.731 2.800
AHSMOG PM,, 50 1.808 0.343 9.519
PAST + ACS PM, . 25 0.949 0.563 1.595
CURRENT
SO, 15 1.074 0.781 1.479
M NON- ACS PM, 25 0.483 0.086 2.714
SMOKERS
SO, 15 1.261 0.501 3.190
AHSMOG PM,, 50 12.385 2.552 60.107
PAST + ACS PM, . 25 1.123 0.827 1.533
CURRENT
SO, 15 1.316 1.104 1.577
F+M ALL Six Cities PM,, 50 1.744 0.689 4.390
ACS PM, 25 1.031 0.796 1.338
SO, 15 1.261 1.082 1.465

Sources: Dockery et al. (1993); Pope et al. (1995); Abbey et al. (1999).

significant finding for lung cancer was in past and current male smokers in the ACS 151-city
sulfate study. This pattern is in some contrast with the findings of the other studies, and merits
further analysis.

There is no obvious statistically significant relationship between PM effect sizes, gender,
and smoking status across these studies. The AHSMOG studies show no statistically significant
relationships between PM,, and total mortality or cardiovascular mortality for either sex, and
only for male lung cancer incidence and lung cancer deaths in a predominantly non-smoking
sample. The ACS results, in contrast, show similar and significant associations with total
mortality for both “never smokers” and “ever smokers”, although the ACS cohort may include a

substantial number of long-term former smokers with much lower risk than current smokers.
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The Six Cities study cohort shows the strongest evidence of a higher PM effect in current
smokers than in non-smokers, with female former smokers having a higher risk than male former
smokers. This study suggests that smoking status may be viewed as an “effect modifier” for
ambient PM, just as smoking may be a health effect modifier for ambient ozone (Cassino et al.,
1999).

In summary, the recent AHSMOG studies find positive but non-significant excesses of total
and cardiopulmonary mortality associated with mean PM,, exposure in males, but not in females.
The male RR in AHSMOG are similar to those in male non-smokers in the ACS study. There is
a large and statistically significant RR for lung cancer in males in the AHSMOG cohort, which is
much larger than in the other studies. While all of these studies find some associations with
mean PM,, or PM, ,, there are differences among specific endpoints and subgroups that remain to
be resolved.

It is interesting to note, in relation to the above discussion, that a comparison of the 6-Cities
Study non-smoker RRs with the 6-Cities results in Table 6-32 for smokers indicates that larger
and more significant effects of ambient PM pollution are found for smokers than non-smokers.
This suggests that smoking is an effect modifier that increases the adverse effects of ambient
pollution. This trend is consistent with air pollution effect causality, as smokers represent a
compromised population, logically more likely to be adversely affected by air pollution. This
may also explain why the reported AHSMOG study RRs are generally not significant, in contrast
with the overall 6-Cities study (but consistent with the 6-Cities nonsmoker results), as there are
no identified smokers among the AHSMOG study group to “drive up” the overall significance of
the air pollution effect. This again indicates that more years of follow-up may be required to see
any statistically significant total mortality effects in both the AHSMOG and 6-Cities studies’
non-smoking populations.

When the ACS study results are compared with the AHSMOG study results for SO,

(as PM,, was not considered in the ACS study), the total mortality effect sizes per 15 ug/m* SO,
for the males in the AHSMOG population are seen to fall between the 6-Cities and the ACS
effect estimates for males: RR=1.28 for AHSMOG male participants; RR=1.61 for 6-Cities
Study male non-smokers, and; RR=1.10 for never smoker males in the ACS study. The

AHSMOG study 95% confidence intervals encompass both of those other studies’ sulfate RRs.
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6.3.3.4 Population-Based Mortality Studies in Children

The older cross-sectional mortality studies suggest that the very young may represent an
especially susceptible sub-population. Lave and Seskin (1977) found mortality among those
0-14 years of age to be significantly associated with TSP. More recently, Bobak and Leon (1992)
studied neonatal (ages less than one month) and post-neonatal mortality (ages 1-12 months) in
the Czech Republic, finding significant and robust associations between post-neonatal mortality
and PM,,, even after considering other pollutants. Post-neonatal respiratory mortality showed
highly significant associations for all pollutants considered, but only PM,, remained significant
in simultaneous regressions. The exposure duration was longer than a few days, but shorter than
in the adult prospective cohort studies. Thus, the limited available studies reviewed in the last
PM Ceriteria documented were highly suggestive of an association between ambient PM
concentrations and infant mortality, especially among post-neonatal infants.

Since the 1996 PM AQCD, Woodruff et al. (1997) used cross-sectional methods to
follow-up on the reported post-neonatal mortality association with ambient PM,, pollution in a
U.S. population. This study involved an analysis of a cohort consisting of approximately
4 million infants born between 1989 and 1991 in 86 metropolitan statistical areas (MSAs). Data
from the National Center for Health Statistics-linked birth/infant death records were combined at
the MSA level with measurements of PM,, from the EPA’s Aerometric data base. Infants were
categorized as having high, medium, or low exposures based on tertiles of PM,, averaged over
the first 2 postnatal months. Total and cause-specific postneonatal mortality rates were examined
using logistic regression to control for demographic and environmental factors. Overall
postneonatal mortality rates per 1,000 live births were 3.1 among infants with low PM,,
exposures, 3.5 among infants with medium PM,, exposures, and 3.7 among highly exposed
infants. After adjustment for other covariates, the odds ratio (OR) and 95% confidence intervals
for total postneonatal mortality for the high exposure versus the low exposure group was
1.10 (CI=1.04-1.16). In normal birth weight infants, high PM,, exposure was associated with
mortality for respiratory causes (OR = 1.40, CI=1.05-1.85) and sudden infant death syndrome
(OR =1.26, CI=1.14-1.39). Among low birth weight babies, high PM,, exposure was associated,
but not significantly, with mortality from respiratory causes (OR = 1.18, CI=0.86-1.61).
However, other pollutants, such as O,, were not considered as possible confounders. This study

confirms past study results indicating that outdoor PM air pollution is associated with risk of
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postneonatal mortality (e.g., Bobak and Leon, 1992), but the lack of consideration of other air
pollutants in this new study reduces the certainty that PM is the specific causal outdoor air

pollutant in this case.

6.3.3.5 Studies by Particulate Matter Size-Fraction and Composition

Particulate matter mass varies widely over time and from place to place in composition, and
this should affect the toxicity of that mass. Unfortunately, only a limited number of the chronic
exposure studies have included direct measurements of the chemical-specific constituents of the
PM mass.

The semi-individual studies also investigated the relative roles of various PM components
in the air pollution association with mortality. As shown in Table 6-35, the Harvard 6-Cities
study (Dockery et al., 1993) results indicated that the PM, ; and SO, RR associations
(as indicated by their respective 95% CI’s and t-statistics) were stronger than those for the
coarser mass components. However, the effects of sulfate and non-sulfate PM, ; are indicated to
be quite similar. Acid aerosol (H") exposure was also considered by Dockery et al. (1993), but
only less than one year of measurements collected near the end of the follow-up period were
available in most cities, so the 6-Cities results were much less conclusive for the acidic
component of PM than for these other PM metrics (that, in contrast, were measured over many
years during the study). The 6-Cities study also yielded total mortality RR estimates for the
reported range across those cities of PM, s and SO, concentrations that, although not statistically
different, were roughly double the analogous RR’s for the TSP-PM,; and PM, , ; mass
components.

Table 6-36 presents comparative PM, ; and SO, results from the ACS study that indicate
that, although the RR differences were not statistically significant across pollutants, the SO,” RRs
were in every case more strongly significant than those for the PM, 5 across the various mortality
cause classifications considered, especially for lung cancer (SO, t=2.92 vs. t=0.38 for PM, ;).

The most recent AHSMOG study analysis (Abbey et al., 1999) employed PM,, as its PM
mass index, finding significant associations with total and by-cause mortality, even after
controlling for potentially confounding factors (including other pollutants). This analysis also
considered SO, as a PM index for all health outcomes studied except lung cancer, but SO, was

not as strongly associated as PM,, with mortality, and was not found to be statistically significant
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TABLE 6-35. COMPARISON OF ESTIMATED RELATIVE RISKS
FOR ALL-CAUSE MORTALITY IN SIX U.S. CITIES ASSOCIATED
WITH THE REPORTED INTER-CITY RANGE OF CONCENTRATIONS
OF VARIOUS PM METRICS
(Dockery et al., 1993; U.S. Environmental Protection Agency, 1996)

Concentration Range  Relative Risk RR Relative Risk
PM Species (ug/m?) Estimate 95% CI t-Statistic
SO,= 8.5 1.29 (1.06-1.56) 3.67
PM,; - SO,= 8.4 1.24 (1.16-1.32) 8.79
PM, 18.6 1.27 (1.06-1.51) 3.73
PM,;, 9.7 1.19 (0.91-1.55) 1.81
TSP-PM . 27.5 1.12 (0.88-1.43) 1.31

TABLE 6-36. COMPARISON OF REPORTED SO,” AND PM, . RELATIVE
RISKS FOR VARIOUS MORTALITY CAUSES IN THE ACS STUDY
(POPE et al., 1995)

SO,” PM,
Mortality Cause (Range = 19.9 ug/m?) (Range = 24.5 pg/m®)
Relative RR RR Relative RR RR
Risk 95% CI t-Statistic Risk 95% CI t-Statistic
All Cause 1.15 (1.09-1.22) 485 117 (1.09-1.26) 424
Cardiopulmonary 1.26 (1.15-1.37) 5.18 1.31 (1.17-1.46) 4.79
Lung Cancer 1.35 (1.11-1.66) 2.92 1.03 (0.80-1.33) 0.38

for any mortality category. The significant mortality associations found for PM,, contrasts with
previously published AHSMOG study PM analyses that found weaker mortality associations
with TSP (Abbey et al., 1991). Although the longer follow-up time in this new analysis may
have also contributed, the greater strength of association by PM,, vs. TSP is consistent with the
Harvard Six-City study results presented in Table 6-35, as well as with the Ozkaynak and
Thurston (1987) cross-sectional comparisons of mortality associations with the various PM

fractions.
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Overall, the semi-individual studies conducted to-date collectively confirm the cross-
sectional study indications that, as opposed to the more coarse mass fractions, the fine mass
component of PM (and sometimes including its acidic sulfate constituent) are strongly correlated

with mortality.

6.3.3.6 Shortening-of-Life Associated With Long-Term Exposure to Particulate Matter of
Ambient Origins

The public health burden of mortality associated with exposure to ambient PM depends not
only on the increased risk of death, but also on the length of life shortening that is attributable to
those deaths. However, the 1996 PM AQCD concluded that confident qualitative determination
of years of life lost to ambient PM exposure is not yet possible; life shortening may range from
days to years (U.S. Environmental Protection Agency, 1996). Fortunately, a new analysis has

now provided a first estimate of the life-shortening associated with chronic PM exposure.

Life-Shortening Estimates Based on Semi-Individual Cohort Study Results

Brunekreef (1997) reviewed the available evidence of the mortality effects of long-term
exposure to particulate matter air pollution and, using life table methods, derived an estimate of
the reduction in life expectancy that is associated with those effect estimates. Based on the
results of Pope et al. (1995) and Dockery et al. (1993), a relative risk of 1.1 per 10 pg/m’
exposure over 15 years was assumed for the effect of particulate matter air pollution on men
25-75 years of age. A 1992 life table for men in the Netherlands was developed for
10 successive five-year categories that make up the 25-75 year old age range. Life expectancy of
a 25 year old was then calculated for this base case, and then compared with the calculated life
expectancy for the PM exposed case where the death rates were increased in each age group by a
factor of 1.1. A difference of 1.11 years was found between the “exposed” and “clean air”
cohorts’ overall life expectancy at age 25. Looked at another way, this would imply that the
expectation of the lifespan of the persons who actually died from air pollution was reduced by
more than 10 years, since they represent a small percentage of the entire cohort population.
A similar calculation by the authors for the 1969-71 life table for U.S. white males yielded an

even larger reduction of 1.31 years for the entire population’s life expectancy at age 25. Thus,
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this study’s table calculations imply that relatively small differences in long-term exposure to

particulate matter of outdoor origins can have substantial effects on life expectancy.

Potential Effects of Infant Mortality on Life-Shortening Estimates

Deaths among children can logically have the greatest influence on a population’s overall
life expectancy, but the Brunekreef (1997) life table calculations did not consider any possible
effects of long-term air pollution exposure on the population aged less than 25 years.
As discussed above, some of the older cross-sectional studies and the more recent studies by
Bobak and Leon (1992) and Woodruff et al. (1997) suggest that infants may be among the
sub-populations that are especially affected by long-term PM exposure. Thus, although it is
difficult to quantify, any premature PM associated mortality that occurs among children due to
long-term PM exposure, as suggested by these studies, would significantly increase the overall
population life shortening over and above that estimated by Brunekreef (1997) for long-term PM

exposure to adults 25 years and older.

6.3.3.7 Effects of Exposure to Multiple Pollutants

Little is known about the effects of exposure to multiple pollutants in prospective cohort
studies. While qualitative results of multiple-pollutant analyses have been reported for the
AHSMOG study (Abbey et al., 1999; Beeson et al., 1998), the numerical values and the
correlations of the regression coefficients have not been published. The AHSMOG study allows
detailed evaluation of multiple-pollutant effects because each subject has an individual exposure
“history” for PM and gaseous pollutants, based on his /her residence history and occupation.
This allows some degree of inter-individual variation of exposures, even among individuals
living in the same census tract. However, it must be acknowledged that there is still substantial
correlation of pollutant concentration values because of the relatively small number of
community air monitors from which the assigned exposure histories have been derived.

Many of the results from multiple-pollutant analyses in the AHSMOG study have been
reported in terms of levels of exceedance frequencies, such as the number of days per year with
PM,, > 100 ng/m’, the number of hours per year with ozone > 100 ppb, and so on. These are
extremely useful indices, but not readily comparable to analyses reported by other investigators.

The construction of comparable indices appears feasible for the Six Cities study, since PM and
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gaseous co-pollutant measurements were made daily or every 2™ day during the course of the
multi-year study. However, assignment of individual exposures would not result in variability
among individuals in each of the Six Cities, unless additional air pollution information were
available for the same communities from which differential exposure histories could be
constructed. Otherwise, only 5 ‘degrees of freedom’ would be available for statistical analyses.

It is unlikely that comparable indices of high-level exposure exceedance could be
constructed for subjects in the ACS study, since the PM indices were observed only for a few
years, mostly prior to the interval over which vital status was ascertained. Additional aerometric
data would be needed for multi-pollutant analyses. If appropriate data for other air pollutants
could be obtained for all cities, there could be up to 49 degrees of freedom in the fine-particle
cities and 150 degrees of freedom in the sulfate cities from which multi-pollutant or other
ecological analyses could be carried out, even without subject-specific exposure indices.

Analyses to address similar questions for the Six Cities and ACS studies are now being
carried out by investigators at the University of Ottawa as part of a project sponsored by the
Health Effects Institute. Results will be included when they become available.

Single-pollutant results about PM components are informative, however, as shown in
Table 6-37 for total mortality, and in Table 6-38 for cardiopulmonary causes. The t-statistics are
compared for studies where appropriate: mean PM,,, PM,,, 5, PM, s, and sulfate for the Six Cities
(Dockery et al., 1993); mean PM, ; and sulfate for ACS (Pope et al., 1995); mean PM,, and
sulfate, and PM,, exceedances of 100 pg/m® for AHSMOG (Abbey et al., 1999).

Estimates for Six Cities parameters were calculated in two ways: (1) mortality RR for most
versus least polluted city in (Table 3, Dockery et al., 1993) adjusted to standard increments;

(2) ecological regression fits in (Table 12-18, U.S. Environmental Protection Agency, 1996).

The eastern and mid-western Six Cities suggest a strong and highly significant relationship for
fine particles and sulfates, a slightly weaker but still highly significant relationship to PM,,, and a
marginal relationship to PM,,,;. The ACS study looked at a broader spatial representation of
cities, and found a stronger statistically significant relationship to PM, s than to sulfate (no other
pollutants were examined).

The AHSMOG study at California sites where sulfate levels are typically low found
significant effects in males for PM,, exceedances, and a marginal effect of mean PM,,, but no

PM effects for females or for sulfates. These results are consistent in suggesting a statistically
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TABLE 6-37. COMPARISON OF TOTAL MORTALITY RELATIVE RISK
ESTIMATES AND T-STATISTICS FOR PM COMPONENTS IN THREE
PROSPECTIVE COHORT STUDIES

PM Index Study Subgroup Relative Risk t Statistic
PM,, (50 pg/m’) Six Cities All 1.504 (1); 1.530 (2)  2.94(1);
3.27(2)
Male Nonsmoker 1.280 (1) 0.81 (1)
AHSMOG Male Nonsmoker 1.242 1.616
PM,; (25 ug/m®) Six Cities All 1.364 (1); 1.379 (2)  2.94(1);
3.73(2)
Male Nonsmoker 1.207 (1) 0.81(1)
ACS (50 cities) All 1.174 4.35
Male Nonsmoker 1.245 1.960
SO,= (15 ug/m?) Six Cities All 1.504 (1); 1.567 (2)  2.94(1);
3.67 (2)
Male Nonsmoker 1.359 0.81(1)
ACS (151 cities) All 1.111 5.107
Male Nonsmoker 1.104 1.586
AHSMOG Male Nonsmoker 1.279 0.960
Days/y with PM,>100 (30 AHSMOG Male Nonsmoker 1.082 2.183
days)
PM,,, s (25 ug/m’ Six Cities All 1.814 (1); 1.560 (2)  2.94(1,3);
1.816 (2)
Male Nonsmoker 1.434 (1) 0.81 (1)

(1) Method 1 compares Portage vs. Steubenville (Table 3, Dockery et al., 1993).
(2) Method 2 is based on ecologic regression models (Table 12-18, U.S. Environmental Protection Agency,

1996).

(3) Method 1 not recommended for PM10-2.5 analysis due to high concentration in Topeka.

significant relationship of PM,, to excess mortality, less so for cardiopulmonary causes than for

contributing respiratory causes, as shown in Table 6.3.3.7.2. The findings to date are more

ambivalent about the role of sulfates, which tend to be much higher at eastern sites than at

western sites. The AHSMOG investigators are currently investigating effects of fine and coarse

particles.
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TABLE 6-38. COMPARISON OF CARDIOPULMONARY MORTALITY RELATIVE
RISK ESTIMATES AND T-STATISTICS FOR PM COMPONENTS IN THREE
PROSPECTIVE COHORT STUDIES. ‘MALE NON. - CRC’ IDENTIFIES SUBJECTS
WHO DIED OF ANY CONTRIBUTING NON-MALIGNANT RESPIRATORY CAUSE

N N R~ W

IN THE AHSMOG STUDY
PM Index Study Subgroup Relative Risk t Statistic
PM,, (50 ng/m?) Six Cities All 1.744 (1) 2.94(1)
AHSMOG Male Nonsmoker 1.219 1.120
Male Non. - CRC ~ 1.537 2.369
PM, 5 (25 ug/m®) Six Cities All 1.527 (1) 2.94(1)
ACS (50 cities) All 1.317 4.699
Male 1.245 3.061
Male Nonsmoker 1.245 1.466
SO,= (15 ug/m?) Six Cities All 1.743 (1) 2.94(1)
ACS (151 cities) All 1.190 5.470
Male 1.147 3.412
Male Nonsmoker 1.205 2.233
AHSMOG Male Nonsmoker 1.279 0.072
Male Non. - CRC  1.219 0.357
Days/y with AHSMOG Male Nonsmoker 1.082 1.310
PM,,>100 (30 days)
Male Non. - CRC ~ 1.188 2.370
PM,, ., (25 pg/m’ Six Cities All 2.251 (1) 2.94(1,2)

(1) Method 1 compares Portage vs. Steubenville (Table 3, Dockery et al., 1993).
(2) Method 1 not recommended for PM10-2.5 analysis due to high concentration in Topeka.

6.3.3.8 Discussion

Gamble (1998) presents a critique of the earlier prospective cohort mortality studies,
structured around a substantially modified and altered version of Austin Bradford Hills’s (1965)
nine considerations for inferring causality from epidemiology studies. He ignores Hill’s caveats
and reservations about using the nine points as a check-list or set of criteria. The relevance of
community stationary air monitoring concentrations as surrogates for individual exposure to PM

of ambient origin was discussed at length in Chapter 5 of this document, and in the 1996 PM
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AQCD. Individual differences in exposure to PM of non-ambient origin (such as cigarette
smoke, cooking, and resuspended house dust) are sometimes important contributors to total PM
exposure, but appear to be largely independent of exposure to PM of ambient origin. Gamble’s
(1998) emphasis on total personal exposure appears to be misplaced, since the toxicity of
ambient PM may be quite different than the toxicity of non-ambient PM from indoor sources,
occupations, and personal activities such as smoking tobacco and simple comparison of TWA
daily PM concentrations may not adequately characterize differences in health effects from
short-term (much less long-term) PM exposures from particles with different chemical
properties. There is considerable direct observational evidence that short exposures to PM under
certain conditions, as in London during the 1952 fog episode, can greatly increase mortality and
sickness from cardio respiratory causes. The evidence presented earlier suggests some degree of
coherence for respiratory and cardiovascular effects in susceptible populations: the elderly,
children, and asthmatics. There is now also some evidence suggesting large PM mortality at a
“midrange” of exposure time scales, roughly 30 to 120 days of exposure (Schwartz, 1999b; Zeger
et al., 1998), as well as short-term effects over a few days, increasing the plausibility that there
may be even larger effects over longer time-scales. Evidence from the well-conducted
AHSMOG study (Beeson et al., 1998; Abbey et al., 1999) supports the earlier studies, with some
differences (little or no excess mortality in the female cohort; little cardiovascular effect,
considerable effects for lung cancer and for death with underlying respiratory causes). The
AHSMOG study used individualized exposure metrics based on the subjects’ residence and work
history, and could therefore evaluate a number of multi-pollutant models, thus dealing with some
of Gamble’s (1998) concerns. Further analyses of data from Dockery et al. (1993) and Pope et al.
(1995) being carried out under HEI sponsorship may also resolve some of Gamble’s (1998)
concerns.

Valberg and Watson (1998) question PM health effects, but their paper focuses upon
raising possible alternative hypotheses that might confound the PM- health effects association.
The three alternative pathways the authors propose as possible are: (1) weather conditions;

(2) human behavior, and 3) indoor air pollution. No direct examples are provided of cases where
published PM- health effects were actually explainable by these factors, but arguments are made,
using largely anecdotal evidence, as to how these factors might be related to both health and daily

variations in PM, and there by might explain away the PM- health effects relationships. As in
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Gamble (1998), the authors do not distinguish between total personal exposure to all PM vs. total
personal exposure to PM of outdoor origins only the latter of which is relevant to outdoor air
pollution epidemiology. The authors conclude that their analysis “supports the importance of
considering the factors that drive outdoor PM fluctuations in the first place to determine if the
observed mortality/morbidity changes may be caused by pathways other than the hypothetical

frank toxicity from inhalation of ambient PM.”

6.3.3.9 Conclusions

A review of the studies summarized in the previous PM AQCD (U.S. Environmental
Protection Agency, 1996) indicates that past epidemiologic studies of chronic PM exposures
collectively indicate increases in mortality to be associated with long-term exposure to airborne
particles of ambient origins. The PM effect size estimates for total mortality from these studies
also indicate that a substantial portion of these deaths reflected cumulative PM impacts above
and beyond those exerted by acute exposure events.

The new ASHMOG study (Abbey et al., 1999) provides all-cause mortality RR estimates
for adult males that are quantitatively and qualitatively consistent with prior semi-individual
studies, especially the similarly designed 6-Cities study. Extensive new by-gender, by-cause, and
multiple pollutant sensitivity analyses, as well as a more comprehensive analyses of numerous
potentially uncontrolled factors in this study (such as of the effects of variations in the time spent
outdoors) provide important new evidence that is largely supportive of the mortality associations
with PM of ambient origins previously reported by the 6-Cities and ACS studies.

Published cross-sectional studies collectively also indicate that older adults and infants are
the age groups most affected by PM from ambient origins, while both the cross-sectional and
semi-individual studies indicate that those deaths involving respiratory disease (either malignant
or not) are especially associated with exposure to PM air pollution. These results are biologically
plausible and consistent with a causal relationship between mortality and exposure to PM of
outdoor origins.

With regard to the role of various PM constituents in the PM-mortality association, cross-
sectional studies have generally found that the fine particle component, as indicated either by
PM, ; or sulfates, was the PM constituent most consistently associated with mortality.

In addition, the Six-cities prospective semi-individual study also indicates that the fine mass
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components of PM are more strongly associated with the mortality effects of PM than the coarse
PM components.

Recent investigations of the public health implications of these PM mortality effect
estimates were also reviewed. Life table calculations by Brunekreef (1997) found that relatively
small differences in long-term exposure to airborne particulate matter of ambient origin can have
substantial effects on life expectancy. For example, a calculation for the 1969-71 life table for
U.S. white males indicated that a chronic exposure increase of 10 xg/m’ PM was associated with
a reduction of 1.31 years for the entire population’s life expectancy at age 25. Also, new
evidence of infant mortality associations with PM exposure (Bobak and Leon, 1992; Woodruff
et al., 1997) may have the implication that life shortening in the entire population from long-term

PM exposure could well be significantly larger than that estimated by Brunekreef (1997).

6.4 DISCUSSION OF EPIDEMIOLOGY FINDINGS

6.4.1 Overview of Section

The purpose of this section is to evaluate the results of the epidemiology studies reported
above, and particularly to assess factors impacting the validity of the reported results (whether
positive or negative). These factors take a number of forms. Section 6.4.2 discusses the
specificity of the adverse health effects attributed to ambient PM exposure with respect to
diagnosed outcomes. Section 6.4.3 evaluates the consistency of morbidity attributable to short-
term and long-term ambient PM exposures. Section 6.4.4 similarly evaluates the consistency of
mortality attributable to short-term and long-term ambient PM exposures. Section 6.4.5 discusses
the coherence of the findings for different susceptible subpopulations.

The specificity of health effects attributed to PM size fraction is discussed in Section 6.4.6.
A variety of methodological issues are discussed in Section 6.4.7. Section 6.4.8 discusses some
of the approaches that have been used in synthesis of results from different cities. Finally,
Section 6.4.9 discusses the attribution of health effects to ambient PM alone, to ambient PM in
the presence of other air pollutants, and to PM as an index or co-indicator of a mixture of

pollutants.
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Evaluation of the Quantitative Consistency of Effect Size

The quantitative consistency of effect size across different studies lends credibility to the
hypothesis that the partial contribution of a causal factor to the effect is the same under differing
conditions. The appropriate metric for determining consistency depends on the health endpoint.
For binary outcomes (e.g., FEV, <85% of normal in a subject, versus normal), an odds ratio over
a standard PM increment is used here. For counts of discrete events in a population (e.g., daily
number of hospital admissions), a relative risk over a standard PM increment is used here.
For continuous endpoints (e.g., FEV, as liters or as percent of expected value), either the
percentage decrease or absolute decrease over a standard PM increment is used here. Many of
the statistical analyses are appropriately carried out on a logarithmic scale, and the results could
have been reported on a log-odds-ratio or log-relative-risk scale (or as excess risk). We prefer to
report results as OR or RR, which we believe more clearly shows the relatively modest health
risks for individuals or urban populations associated with current levels of PM (compared to the
London smog episode of 1952, say), although the aggregate population risk may be substantial.
This also shows that normally small biases of 2 or 3 percent attributable to methodology or study
design may seriously alter the conclusions of any study. For this reason, findings of similar
effects across studies as well as findings of differences between effect size estimates should be
interpreted cautiously.

Certain factors facilitate the comparison of studies:

(1) similarity in study design (subject selection or recruitment, retention, follow-up);

(2) similarity in data analysis (methodology, criteria for covariate adjustment, smoothing

or detrending);
(3) similarity in air pollution measurements (averaging times or lags, spatial averaging,
representativeness of monitors, instrumentation);

(4) similarity in environmental factors that may modify PM health effects.

Evaluation of the Statistical Significance of Effect Size

Statistical significance plays an important role in assessment of study results, but we
believe that it should not play a dominant role, particularly in the synthesis of results from
multiple studies. Even if each study were regarded as an independent replicate of an exactly

identical design, it would be normal to find some studies with statistically significant findings of
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adverse health effects, some with findings of adverse health effects that are not statistically
significant, and some studies with findings of beneficial effects (including those that are
statistically significant). For this reason, causal conclusions about adverse health effects
associated with PM or other environmental factors are strengthened when a number of
independent studies find statistically significant adverse health effects, and when the majority of
studies find adverse rather than beneficial effects. However, far more than simple ‘vote
counting’ is required to interpret a body of evidence with mixed findings (see Section 6.4.8 on
research synthesis).

In reality, any simple description of a specific study finding as ‘positive’ or ‘negative’ is
likely to be misleading, in view of the large number of model selection and data analysis
strategies that may be applied. It is hardly surprising that different analyses of the same data set
may find greater or smaller statistical significance associated with a given PM effect size
estimate. It is often possible to separate more adequate analyses from less adequate based on
generally accepted strategies for data analysis, but some element of judgement is inevitably
involved. For this reason, the results of different analyses are often presented in different forms,
to assist the reader in drawing an independent conclusion.

Results are usually presented in two forms: (1) 95 percent confidence intervals of OR or
RR for a standard PM increment, to express uncertainty (these can also be used to test statistical
significance by comparing the lower confidence limit with 1.0); (2) a t-statistic for the PM or
co pollutant regression coefficient in a generalized linear model, which allows a consistent
single-digit plus single-decimal format for easy visual comparison, although P-values and other
equivalent representations could be used. Any equivalent representation of statistical
significance would be equally subject to the same criticism, that it combines elements of sample
size, effect size, internal uncertainty (standard error), and model selection. We find t-statistics
particular convenient for evaluating the sensitivity of alternative PM and co-pollutant models

fitted to the same data sets.
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6.4.2 Relationship of Ambient Concentrations to Specific Diseases and
Age Groups

New studies have expanded the overall database for morbidity outcomes in relation to
ambient PM concentration. A brief summary of age groups is followed by discussion of asthma,
non-asthma, and finally, cardiovascular disease.

Most studies have been designated to examine age groups with the largest potential yield,
the elderly (>65 years) in hospitalized studies, and children in panel studies of respiratory
symptoms and pulmonary function outcomes. Since the subjects examined in most panel studies
were a uniform age group such as 8 to 12 years of age, no difference by age can be drawn. Those
studies with adults in the panels did not examine the data by age. Some age-related outcomes are
available from emergency department (ED) visits and hospital admission studies. Delfino et al.
(1997) report no significant associations between air pollution and ED respiratory visits for
persons 2 to 6 years of age, but positive association for patients over 64 years of age. Medina
et al. (1997) reported that the relationship between asthma visits and air pollution was strong for
children. Spix et al. (1998) studied TSP and BS and hospital admissions data by older (>65) and
younger (15 to 64 years) people which yielded mixed results. Sunyer et al. (1997) report
nonsignificant outcomes for BS and age group 15 to 64 and <15 years. However, the majority of
hospital admission studies report positive outcomes for the age group >65 years of age.
Comparative analyses by age group have not been done, usually. Morbidity studies provide
limited insight into potential age differences for outcome because age is usually part of the study

design, to produce a more homogeneous study group with larger effects, such as age >65.

6.4.2.1 Asthma Studies

The asthma panel studies discussed in Section 6.2.2 were conducted by over 10 research
teams in various locations world-wide. As a group the studies examine health outcome effects
that are similar such as PEFR. Each study characterizes the clinical-symptomatic aspects in a
community of a sample of asthmatics, mainly children age 5 to 16 years of age observed in their
natural setting. Their asthma is “ideally” being treated to achieve the therapeutic purpose of
keeping them symptom free, with “normal” pulmonary function rates, normal activity levels, and
to prevent recurrent exacerbations of asthma (National Institutes of Health, 1991). They are mild

to moderate asthmatics. Characterization of their asthma is by symptom, pulmonary function and
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medication use. In the new severity classification (National Institutes of Health, 1997) these
panel studies would be classified to include mild intermittent to mild persistent. As a group they
may differ from asthmatics are examined in studies of hospitalization or doctor visits for acute
asthmatic episodes who may have more severe asthma.

Severity of asthma is important in that these panel studies are examining primarily mild and
moderate asthmatics, but still those who require medication for the condition seen to demonstrate
enough disease or reaction to stimulus to be the appropriate group to study. The results for the
study may represent only that segment of the asthma population with these levels of disease.
Physician visits and hospitalization for asthma are better outcome measures for those with

moderate or severe asthma (Schwartz et al., 1993; Gordian et al., 1996; Tseng et al., 1992).

Study Characteristics

Most of these studies used a single ambient monitoring site to characterize PM ambient
exposure estimates. For PM,, and especially for PM, , exposure derived from such sites
(Janssen et al., 1997; U.S. Environmental Protection Agency, 1996; Wilson et al., 1998; Mage
et al., 1999) provide an estimate of PM ambient exposure for a panel of subjects such as
asthmatics. The study authors provide limited discussion of exposure estimates. While the
opportunity for measurement error is an important consideration in this circumstance, the major
potential effect is to weaken a possible association. Some of the studies used monitors that were
located in more residential areas in the community and thus may provide a better exposure
estimate for PM, others used multiple monitors and one examined personal exposure.

Most studies reported ambient PM,, results. PM, ; was examined in two studies. Other
ambient PM measures (Black Smoke (BS) and SO,) were also used. For these studies, mean
PM,, levels range from a low of 13 g/m’ in Finland to a high of 167 xg/m® in Mexico City.
This Mexico City level is over 3 times more than each of the other levels and is unique compared
to the others. Related 95% CI for these means or ranges show one day maximums above
100 pg/m? in four studies with two of these above 150 ug/m’. The studies thus provide a
measure of differentiated levels of PM in the range of US cities. All the studies controlled for
temperature and several controlled for relative humidity.

Most panel studies are analyzed using a design which takes advantage of the repeated

measures. Linear models are often used for lung function and logistic models are used for
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dichotomous outcomes. Meteorological variables are used as covariates. Perhaps the most
critical choice in the model is the choice of the lag of the pollution variable. The use of
medication is also an important confounder. Study subject number various from 12 to 164. Most
of the studies had cohort samples over 50, and all had gathered adequate subject-day data to
provide sufficient power for the conducted analysis. All the studies reported a positive outcome
for either O, or PM.

Three asthma panel studies (Gielen et al., 1997; Peters et al., 1997b; Delfino et al., 1998)
used symptom-scoring approaches as opposed to measuring, the presence or absence of cough,
wheeze, sputum production (phlegm), shortness of breath and dyspnea (chest tightness). Since
the complex of symptoms and their clinical expression varies between asthmatic subjects,
outcome misclassification would be less in the symptom scoring approaches as opposed to
symptom specific approach.

Presenting lag periods with the strongest associations introduces potential bias since the
biological basis for lag structure may be related to effect. No biological basis for lag periods is
known, but some hypotheses can be proposed. Acute asthmatic reaction can occur 4-6 hours
after exposure and thus 0-day lag may be more appropriate than 1-day lags for that reaction.

Lag 1 may be more relevant for morning measurement of asthma outcome from the day before
and longer term lag, (i.e., 2-5 days may represent the outcome of an inflammatory mechanism).
There is too little information to predetermine the appropriate lag period. Additional research is
needed.

A qualitative summary of these studies examining ambient PM,, exposure on asthmatic
health outcomes indicate that as a group, the majority of studies report a positive odds ratio for
the relationship with almost half having 95% CI above 1.00. This is looking at the endpoints one
at a time. Viewing all the indicators together within a study may be a better test of the
relationship for an asthma attack. Examining all the studies as a group quantitatively describes a
stronger relationship.

The available group of studies examined PM,, and other measures, but did not study
outcomes for coarse, PM,,,5. One study (Romieu et al., 1996) examining both PM,, and PM,
reported that PM, 5 had a larger effect.

Peters et al. (1997¢) is unique for two reasons: (1) they studied the size distribution of the

particles in the range 0.01 to 2.5 um, and (2) examined the number of particles. They report that
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the health effects of 5 day means of the number of ultra fine particles were larger than those of
the mass of the fine particles. In contrast Pekkanen et al. (1997) also examined a range of PM
sizes but PM,, was more consistently associated with PEF. Mean PM,, levels were 18 pg/m’.
Delfino et al. (1998) is unique in that the report effects with 1-hr and 8-hr maximum PM,, having
larger effects than the 24 hr mean.

Several new panel studies of asthmatic effects in relation to ambient PM,, concentration
have been published since the 1996 PM AQCD. Some new studies of emergency department
visits and hospitalizations for asthma have been published. The panel studies examine mild
asthmatics while the hospitalization studies examine those with asthma attacks severe enough to
result in hospitalization.

As a group, the results for the asthma panels (see Table 6-2 thru 6-5) of the peak flow
analysis consistently show small decrements for both PM,, and PM, ;. The effects using 2 to
5 day lags averaged about the same as did the zero to one day lags. The effects on respiratory
symptoms in asthmatics (see Tables 6-5 thru 6-12) also tended to be positive. Most studies
showed increases in cough, phlegm, difficulty breathing, and bronchodilator use. The only
endpoint more strongly related to longer lag times was bronchodilator use which was observed in
three studies. The peak flow decrements and respiratory symptoms are indicators for asthma
episodes.

The group of studies examining emergency department visits and hospitalization for asthma
were fewer in number for these studying ambient PM,, as compared to other ambient PM
measures (TSP, BS). Lipsett et al. (1997) reported consistent relationships between ER visits for
asthma and wintertime ambient PM,, in an area where one of the principal sources of ambient
PM,, is residential wood combustion. Medina et al. (1997) report a relationship between asthma
visits and daily concentrations of black smoke. Dab et al. (1996) report that asthma hospital
admissions were significantly correlated with NO, levels, but not ambient PM,;. Wordley et al.
(1997) report significant associations with mean ambient PM,, values for the past three days and
asthma admissions. Sunyer et al. (1997) report, for BS and emergency admissions for asthma,

a consistently positive but overall nonsignificant association in all cities they studied for both

children and adults.
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6.4.2.2 Other Non-Asthma Studies

Few new studies examine non-asthma outcomes. One review study, by Hoek et al. (1998),
yields results of peak flow analysis that consistently show small decrements for increases in
ambient PM,,. The results of limited chronic studies are not consistent. Specific endpoints
examined are bronchitis, COPD, and pneumonia in hospital admission studies. The results of
these new PM studies are generally consistent with, and supportive of, those examined in the last

AQCD (U.S. Environmental Protection Agency, 1996).

6.4.2.3 Cardiovascular Effects of Ambient PM Exposure

About 75% of all U.S. deaths occur in persons at least 65 years old, and of these nearly
40% are for cardiac causes (nearly 45% if deaths from cerebrovascular causes are counted).
Thus, if ambient PM exposure indeed produces increased total mortality in the elderly, it would
seem possible that cardiovascular deaths may be involved.

Seaton et al. (1995) hypothesized that inhalation of very fine ambient particles might
provoke alveolar inflammation, with release of chemical mediators. In some susceptible
individuals, such mediators might induce both aggravation of underlying lung disease and
increase in blood coagulability. These mechanisms could serve to explain the observed
association of ambient PM exposure with increased cardiovascular deaths in the elderly.
Interestingly, in the European MONICA study, Peters et al. (1996) observed a short-term increase
in blood viscosity in men and women, in association with an episode of high TSP and SO, levels
in Augsburg, Germany. This observation lends some weight to the hypothesis of Seaton et al.,
especially since blood viscosity has been independently associated with risk of a first myocardial
infarction and with incidence of coronary heart disease. At the same time, size-specific PM
measurements were not available in Peters et al., and effects of TSP and SO, could not be
statistically separated. Also, high ambient CO levels were associated with increased blood
viscosity in women. Also, it is not known whether an increase in mortality or other adverse
health effect was temporally associated with the observed increase in blood viscosity in

Augsburg.
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6.4.2.4 Issues in the Interpretation Of Acute Cardiovascular Effects Studies

Three recent analyses of daily PM,, and CO in U.S. cities suggest that elevated
concentrations of both PM,, and CO may enhance risk of cardiovascular morbidity leading to
acute hospitalizations (Morris and Naumova, 1998; Schwartz, 1997, 1999a). Schwartz (1999a)
argued that independent effects of both pollutants are biologically plausible. For CO, the
argument is based on the well-established effects of CO on oxygen transport by hemoglobin,
albeit at relatively high concentrations. In the case of PM,,, Schwartz' plausibility argument
draws upon the emerging literature which has demonstrated: effects of ambient PM on
pulmonary inflammation in laboratory animals and human volunteers (Gilmour et al., 1996;
Salvi et al., 1997); toxicity of transition metals carried by combustion-generated particles (Costa
and Dreher, 1999); effects on cardiac dysfunction in animals with pre-existing cardiopulmonary
disease (Godleski et al., 1996; Watkinson et al., 1998); and new epidemiologic evidence of
associations between ambient PM and physiologic changes in cardiac function (Pope et al.,
1999a,b; Liao et al., 1999; Peters et al., 1998; Gold et al., 1998) and plasma viscosity (Peters
et al., 1997d) in humans. While a great deal more research is needed to confirm the hypothesized
linkages among these new findings, these arguments provide an initial foundation for inferring
that ambient levels of PM may play a causal role in cardiovascular illness.

Another mechanistic hypothesis, relating to enhanced blood viscosity, is suggested in a
recent analysis of plasma viscosity data collected over time in a population of 3256 German
adults in the MONICA study (Peters et al., 1997d). Each subject provided one blood sample
over the period from October 1984 to June 1985. An episode of unusually high air pollution
concentrations occurred over a 13 day period while these measurements were being collect. The
authors reported that, among the 324 persons who provided blood during the episode, there was a
statistically significant elevation in plasma viscosity as compared with the 2932 persons studied
at other times. The odds ratio for plasma viscosity exceeding the 95th percentile was
3.6 (CI 1.6-8.1) among men and 2.3 (CI 1.0-5.3) among women. Analysis of the distribution of
blood viscosity data suggested that these findings were driven by changes in the upper tail of the
distribution rather than by a general shift in mean viscosity. This is consistent with the presence
of a susceptible sub-population of individuals.

Because they lack data on individual subject characteristics, ecologic time series studies

provide only limited information on susceptibility factors based on stratified analyses. The
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relative impact of PM on cardiovascular (and respiratory) admissions reported in ecologic time
series studies are generally somewhat higher than those reported for total admissions. This
provides some limited support for the hypothesis that the acute effects of PM operate via
cardiopulmonary pathways or that persons with pre-existing cardiopulmonary disease have
greater susceptibility to PM, or both. Although there is some data from the ecologic time series
studies showing larger relative impacts of PM on cardiovascular admissions in adults 65 and over
as compared with younger populations, the differences are neither striking nor consistent.
Individual-level studies of cardiophysiologic function suggest that elderly persons with
pre-existing cardiopulmonary disease are susceptible to subtle changes in HRV in association
with PM exposures. However, because younger and healthier populations have not yet been
assessed, it is not possible to delineate clearly the extent to which the elderly have increased
susceptibility, although this does represent a reasonable working hypothesis.

It is unlikely that all acute cardiovascular effects can be attributed to weather rather than air
pollution. The ecologic time series studies published since 1996 have controlled adequately for
weather influences. Some recent studies (Morris and Naumova, 1998) have extensively explored
the bivariate effects of weather and CO, and deemed it unlikely that residual confounding by
weather is responsible for the PM associations observed. Also, Pope et al. (1999a) evaluated the
role of barometric pressure and other meteorological factors in the individual-level studies of
cardiac function, but many of these factors have not yet been studied in conjunction with air
pollution. Thus, the possibility of confounding by weather, although unlikely, cannot be entirely
discounted at present.

Co-pollutants have been analyzed rather extensively in many of the recent time-series
studies of hospital admissions and PM. In some studies, PM clearly carries an independent
association after controlling for gaseous co-pollutants. In others, the PM “effects” are markedly
reduced once co-pollutants are added to the model. Among the gaseous criteria pollutants,
carbon monoxide has emerged as the one most consistently associated with cardiovascular
hospitalizations. The CO effects are generally robust in multi-pollutant models; however, in
spite of this, the EPA CO AQCD (U.S. Environmental Protection Agency, 1999) did not find
compelling toxicological evidence to support a finding of biological plausibility for the reported
epidemiologic observations of CO effects at the current very low ambient CO concentrations

typically seen in the United States.
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The temporal patterns of cardiovascular response appear more consistent than for many
respiratory responses. The evidence from recent time series studies of CVD admissions suggests
rather strongly that PM effects, if any, are maximal at lag 0, with some carryover to lag 1. There
is little evidence for important effects beyond lag 1.

The characterization of PM attributes associated with acute CVD is incomplete.
Insufficient data exist from the time series CVD admissions literature or from the emerging
individual-level studies to provide guidance as to which PM attributes, defined either on the basis
of size or composition, determine potency. The epidemiologic studies published to date have
been constrained by the limited availability of multiple PM metrics. Where multiple metrics
exist, they often are of differential quality due to differences in numbers of monitoring sites and
in monitoring frequency. Until more extensive and consistent data become available for
epidemiologic research, the question of PM size and composition, as they relate to acute CVD

impacts, will remain epidemiologically unanswerable.

6.4.3 Consistency of Health Effects for Short-Term and Long-Term
Exposure

Morbidity health effect outcome measures are demonstrated for ambient PM exposure in
asthmatic panel studies for respiratory symptoms and pulmonary function decrements. New
studies that look at primary care settings of doctor visits show effects related to PM levels.
Effects are also reported for increased hospitalization rates for ambient PM exposure for COPD,
asthma, and cardiovascular disease. Hospitalization can be a more severe outcome for an
asthmatic than the increase in symptoms or medication use observed in panel studies. These
effects may be related to the disease status of the individual in the studies group. The effects are
consistent between studies. They are consistent at different locations, and times. Lipfert and
Wyzga (1998) and Wyzga and Lipfert (1998) note a lack of coherence among endpoints in
long-term studies, in part, because of the lack of long-term studies of hospitalization rates. The
studied health effects of ambient PM (i.e., lung function decrements, symptoms, hospitalization
utilization, death) may not occur on the same mechanistic pathway and thus there is no reason to
expect a quantitative consistency across outcomes.

It is not necessarily the case that there is uniformity in effects seen, such as deaths due to

respiratory causes with different time scales for ambient PM exposures. For example, PM
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exposures on a short time scale are reported as associated with excess cardiopulmonary deaths
and respiratory hospital admissions. At this time, however, it is not clear that such deaths or
hospital admissions in association with high ambient PM concentrations represent a long-term
difference in the mortality rate, or a displacement of events that would have occurred a few days
later without the high PM levels. The prospective cohort mortality studies do not yet allow
assessment as to whether the occurrence and frequency of deaths from short-term exposures are
consistent with a larger rate of occurrence of deaths that is associated with longer-term
exposures, on a scale of months or years.

There is as yet little basis (conceptual, experimental, or mathematical) that allows direct
quantitative linkage of endpoints between mortality attributable to short ambient PM exposures
(“acute”) and mortality attributable to longer ambient PM exposures (“chronic” or
“sub-chronic”). Exposure indices are more easily compared at different time scales when
endpoints are identified (Evans et al., 1984). One hypothesis for discussion is that an individual
with high susceptibility to ambient PM at a given moment (e.g., elderly, with an acute respiratory
infection as well as COPD or other serious pre-existing conditions) may succumb to a moderately
elevated ambient PM exposure or to some coincident cause, when that individual would have
survived the same PM exposure if it had occurred during a time of lesser susceptibility to
ambient PM.

The 1996 PM AQCD reported that excess daily mortality associated with a large PM
increment (50 pg/m3 for PM,; or 25 ug/m? for PM, 5) was only about 1.05, whereas the excess
risk associated with 20 pg/m’ PM, s between Portage and Steubenville was 1.26 in the Six Cities
study, and a comparable PM, ; increment yielded a mortality RR of 1.17 in (Pope et al., 1995) for
50 U.S. cities. This is consistent with (but does not prove) the hypothesis that there is a
substantial baseline risk from long-term exposure to PM that is much larger than the
accumulation of mortality from elevated PM episodes.

The recent analyses of the long-term AHSMOG study continue to show serious adverse
health effects associated with ambient PM,, exposure for which a substantially greater level of
individualized ambient PM,, information is available, but also demonstrates some differences
with the earlier Six Cities and ACS studies (Dockery et al., 1993; Pope et al., 1995). Statistically
significant increases in lung cancer incidence (Beeson et al., 1998), and statistically significant

increases in lung cancer deaths and in deaths associated with any contributing respiratory causes
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(CRC) were found in AHSMOG males, but not females. The results were generally very robust
to different confounder specifications, population subsets, and inclusion of co-pollutants, and
were larger for and more significant PM exceedance indices (number of days per year with PM,,
greater than a cut point, typically 100 g/m®) than with the mean PM,, concentration. However,
PM,, was estimated from TSP rather than measured in the earlier part of the study.

Using the same mean PM,, increment of 50 ng/m’, total mortality attributable to long-term
ambient PM,, RR was similar to that of the ACS study for PM, 5 for male nonsmokers (1.24) and
smaller than that for the Six Cities study (1.57), albeit only significant for the ACS study
(Table 6-31). The AHSMOG RR for females (Table 6-31) is smaller and non-significant (0.88),
whereas the ACS RR for female non-smokers is significant and only somewhat smaller than the
male RR (1.22 in the 50-city PM, ; study, 1.15 in the 151-city SO, study) and 1.28 in the
Six Cities.

The AHSMOG findings for cardiopulmonary mortality attributable to long-term ambient
PM,, are positive for males, but not statistically significant, whereas the ACS findings are
significant for female nonsmokers in both studies and in male nonsmokers for the 151-city study
(Table 6-32). However, the male RR in AHSMOG (1.22 for cardiopulmonary deaths, 1.54 for
CRC deaths) is similar to that of ACS male non-smokers (1.24 for the 50-city study, 1.21 for the
151-city study) and smaller than that for all Six Cities subjects (1.74, includes smokers and
non-smokers). The ACS female non-smokers have RR of 1.58 and 1.32 respectively, both
significant, compared to 0.84 in AHSMOG.

Lung cancer mortality attributable to long-term ambient PM,, is not significant for females
in any of the female studies (Table 6.3.3.3.3), nor for male nonsmokers in ACS, but is significant
for male nonmokers in AHSMOG and male smokers in ACS 151-city. Lung cancer mortality
attributable to long-term ambient PM,, is not significant for both genders in the ACS and
Six Cities studies, but would be more significant if combined in AHSMOG.

The AHSMOG studies also found indications of adverse effects associated with other air
pollutants, particularly high concentrations of ozone. Including co-pollutants in PM,, models
with exceedance days as the indicator tended to slightly attenuate the PM,, effect, but usually left
it significant. This may suggest that long-term PM,, exposures may be better modeled by a

non-linear concentration-response function, where data such as in AHSMOG allow this analysis.
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Some SO, analyses were carried out by Abbey et al. (1999). No statistically significant
results were found, unlike in the ACS and Six Cities studies. However, SO, levels tend to be
lower in California than in many Eastern cities, and the SO,/PM, ; ratio is much different.

Several recent analyses have started to bridge the gap between the short-term and long-term
mortality studies. A relatively transparent approach has been applied by Schwartz (1999b) to the
Boston daily mortality data, using the Six Cities data base. This approach, discussed in
Section 6.3.2, is to filter out long time trends from the data using a LOESS smoother with a
120 window, then to use weighted moving averages of mortality, PM, ,, and meteorological
covariables over longer averaging times. This extends the daily time series studies, predicting
daily counts from predictors in the preceding few days, to averages of mortality compared to
averages of pollution and weather variables over longer periods of time. The windows evaluated
by Schwartz (1999b) were 0, 15, 30, 45, and 60 days (weighted moving averages over 1, 31, 61,
91, 121 days resp.). RR for some endpoints, such as COPD mortality, showed relatively little
change from 0 and 15 d windows, suggesting that these may be predominantly determined by
short-term events. RR for pneumonia, ischemic heart disease, and all cause mortality showed
substantial and systematic increases from 0 d to 60 d windows, suggesting that there are mortality
effects attributable to prolonged PM, 5 and weather exposures that greatly exceed a few days.
The excess mortality over a 60-d window can be nearly twice as large as those over a 0 d
window, thereby providing a substantial degree of plausibility for even larger differences for
multi-year mortality studies which do not require seasonal and secular detrending.

A different approach was used by Zeger et al. (1999), who decomposed total mortality and
TSP time series into Fourier components with distinct time scales, roughly year, season, month,
week, day. The decomposition allows each daily term to be represented as the sum of its
components. By discarding long-term and very short-term (i.e. “Harvesting”) frequencies, a
“harvesting-resistant” estimator may be calculated. The analyses in (Zeger et al., 1999) suggest
that only a small part of the variation in mortality time series may be attributed to short-term
events, such as daily fluctuations in TSP and weather. A large part of the total variation appears
to be associated with time scales of 5 to 100 days. Lag times of 0 to 3 days had little effect.

While Zeger et al. (1999) establish the existence of a mid-frequency signal (scale of
months), they do not establish the absence of a harvesting effect, since the “harvesting-resistant”

estimator only allows detection of the longer-term signals that are not simply harmonics of
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high-frequency signals. It is entirely feasible that short-term harvesting does occur, along with
excess mortality attributable to accumulated ambient PM exposures on a scale of months or
longer, as suggested by the prospective cohort studies.

The daily time-series studies in fact contain a great deal of information about long-term
effects. The results of detrending the daily time-series produces a series with substantial
variations in relative risk, which are sometimes shown graphically, but never used to evaluate
adverse health effects associated with long-term exposure. Quantitative assessment of the large
seasonal and secular variations, often larger than the short-term RR, would be of interest.

As yet there is little methodology for quantifying the relationship between short-term and
long-term PM epidemiology studies. McMichael et al. (1998) have pointed out some difficulties
in assuming that long-term exposure effects can be estimated accurately by summing up day-to-
day increments from short-term exposure. The long-term issue requires further study, because
extensive life-shortening is an extremely serious adverse health effect.

Effects from extremely short-term exposures to ambient PM have not yet received much
attention. A number of hypotheses have been raised (Michaels et al., 1998, 1999), but data are
extremely scarce because of the relative absence of short-term PM monitoring. An important
recent study on asthmatics (Delfino et al., 1998) suggests substantially stronger PM,, effects in

asthmatic children in response to 8-hr events than to 24-hr concentrations.

6.4.4 Susceptible Populations
6.4.4.1 Summary Of Previous Criteria Document

The 1996 PM AQCD identified several potentially susceptible sub-populations: (1) the
elderly (age 65+), particularly those with pre-existing respiratory conditions such as COPD, or
previous cardiovascular disease; (2) asthmatics, possibly including both adults and children.
Recent research summarized in sections 6.2 and 6.3 often report higher relative risks or odds
ratios for adverse effects in these groups associated with ambient PM exposure. More recent
studies, summarized in Sections 6.2.4 and discussed in Section 6.4.2.3, find a variety of
cardiovascular responses in the elderly associated with ambient PM exposure. Therefore, these
findings will not be further discussed, as they tend to confirm the findings in the 1996 AQCD
(U.S. Environmental Protection Agency, 1996).
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The most important addition to the last document is in the area of children’s health. Many
recent studies have looked at larger and more general populations of children, in a variety of
locations. The findings in (U.S. Environmental Protection Agency, 1996) were somewhat mixed
about effects in children, particularly in healthy children. A number of recent studies have shown
serious endpoints, including physician visits, hospital admissions, and even mortality associated
with various ambient PM indices. The evidence on children’s health effects from previous

sections is summarized here.

6.4.4.2 Children as a Susceptible Subpopulation

New publications provide a much stronger basis for identifying children as a susceptible
sub-population. General overviews of child health air pollution studies include (Raizenne et al.,
1998; Romieu, 1998). A quantitative summary of PM effects in many recent studies is presented
in (Anderson et al., 1998; esp. Table 7), complementing materials presented in Section 6.2 of this
document. Recent evidence suggests a variety of effects: (1) reduced pulmonary function or
increased respiratory symptoms in asthmatics and non-asthmatics; (2) an increased incidence of
doctor’s visits, emergency department visits, and hospital admissions for respiratory symptoms,
including asthma, upper and lower respiratory infection (URI, LRI) associated with short-term
PM exposures; (3) Increased infant and child mortality associated with short-term PM exposures;
(4) Reduced pulmonary function or increased respiratory symptoms associated with longer-term
PM exposures; (5) Increased infant mortality, intrauterine growth reduction, or preterm delivery
associated with long-term PM exposures. Unfortunately, the wide variety of endpoints and PM
indices complicates the estimation of composite effects.

Most studies have carried out only single-pollutant analyses. The most commonly used
indices are PM,,, TSP, and BS, although significant effects are sometimes reported for PM, s,
SO,, H+. Column 4, labeled “PM Effects” in each of the tables in this section briefly describes
the statistical significance of the PM index or indices used in the analyses, with effect sizes
reported earlier in Sections 6.2 and 6.3. Column 5, labeled “Pollutants”, lists all of the pollutants
that were used or were available for use in the analyses. Sensitivity of the PM effect to

co-pollutant models is also shown in Column 4, where reported.
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Reduced Pulmonary Function or Increased Respiratory Symptoms in Asthmatics and
Non-Asthmatics

The studies are discussed in detail in Section 6.2.2. The findings for children are
summarized in Table 6-39. The tables are generally organized so as to characterize populations
in the U.S. and Canada first, then Mexico and other western hemisphere countries, Europe, and
Asia, roughly in order of relevance to U.S. population demographics. There is a somewhat
patchy pattern of symptom effects in asthmatics, particularly in U.S. studies in California.
Delfino’s findings of significant effects for 1-h and 8-h PM,, exposures is noteworthy. Many
asthmatics self-medicate with bronchodilators, which may also be a useful indicator of
respiratory distress in these subjects. Cough, phlegm, and LRI are also sometimes found.

A number of investigators have found statistically significant peak expiratory flow reduction
(PEFR) associated with PM,, and other indices, and sometimes significant reduction in FEV,
and FVC.

There is an overall indication that respiratory symptoms in children are exacerbated by
exposure to airborne particles, and may be more serious in asthmatics or other susceptible
groups. There appear to be large numbers of children who may be susceptible to more-or-less
serious adverse health effects from brief exposures to airborne particles leading to exacerbation
of asthmatic responses. The investigations summarized here generally focus on respiratory

endpoints in school-age children.

Increased Incidence of Doctor’s Visits, Emergency Department Visits, Hospital Admissions
Table 6-40 summarizes studies described in more detail in Sections 6.2.3 and 6.2.4.
Several of the studies using PM,, as an index are statistically significant, suggesting that serious
symptomatic responses to PM requiring explicit medical intervention may occur in a number of

locations. However, some of these associations became statistically non-significant when
gaseous co-pollutants were included in the model, including O,, SO,, NO,, CO. This suggests
that specific local conditions, possibly related to the co-pollutant mixture, may play a role in the
effects of PM on children. Norris et al. (1999) is the only U.S. study using an index of fine or

ultra-fine particles.
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TABLE 6-39. RECENT PM STUDIES OF PULMONARY FUNCTION TESTS
OR ACUTE RESPIRATORY SYMPTOMS IN SCHOOL-AGE CHILDREN,
GENERALLY USING PANEL STUDIES

Ages
Study Endpoint (years) PM Effects Pollutants Remarks (N)
Ostro et al. (1995) Asthma symptoms 7-12 Shortness of PM,,, TSP, African-American
Los Angeles, CA for at least six breath risk, 9% SO,, NO;, O,, (N=283)
weeks per 10 ug/m’ SO,, NO,

PM,,
Delfino et al. Bothersome 9-17 Symptoms signif. ~ PM,,, O, Panel of
(1998) Alpine, CA  asthma symptoms 1-h, 8-h PM,, (others low) asthmatics

24-h less signif. (N = 25) higher

elevation

Delfino et al. Symptom score, PM,, signif. PM,,, O, Asthmatics
(1997) Alpine CA bronchodilator use dilator use N=13)
Delfino et al. Symptom scores, Signif. O, PM,,, O, Asthmatics
(1996), San Diego,  broncho-dilator use personal monitor, N=12)
CA N.S. SAM O,,

PM,
Linn et al. (1996) Pulmonary Morning FVC PM5?, NO, School children
southern CA function signif. PM5?, NO, (N =269)
Thurston et al. lung function, PM,, N.S,, SO,, PM,,, SO,, H+, PM,,, TSP, SO,,
(1997) NY summer  symptoms, dilator O, rel. symptoms, O, H+, SO,
camps use dilator use
Hoek et al. (1998) PEEF, large changes Utah Signif. PEFR, PM,, N=39
re-analyses of other  related to Valley Cough
studies in the U.S. symptoms
and the Bennekom  PEFR N.S.. N-=67
Netherlands .

Uniontown  PEFR N.S. N=28&3
State PEFR N.S. N=108
College
Romieu et al. PEEF, respiratory 5-13 N.S. for PM. PM,,, O, Mild asthmatics
(1997) symptoms Strongest effect (N=065)
Mexico City w. O,
Romieu et al. PEF, respiratory 5-7 PM,, signif. PM,,, O, Mild asthma
(1996) symptoms PEFR, LRI N=71)
Mexico City
Gold et al. (1999) PEEF, respiratory 8-11 PM, , O, signif. PM,,, PM,;, O;  School children
Mexico City symptoms PEFR, phlegm (N =40)
Peters et al. (1996)  PEEF, daily 7-15 0.43% decrease PM,,, TSP, SO, Mild and
Erfurt and Weimar,  symptoms, with 52 ug/m’ moderate
Germany; Sokolov,  medication PM,, asthmatics
Cz. (N =155)
Tittanen et al. PEF, cough 8-13 N.S. for PM PMO.1, PM1.0 Chronic resp.
(1999) Kuopio symptoms
Finland (N=49)
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TABLE 6-39 (cont’d). RECENT PM STUDIES OF PULMONARY FUNCTION TESTS
OR ACUTE RESPIRATORY SYMPTOMS IN SCHOOL-AGE CHILDREN,
GENERALLY USING PANEL STUDIES

Ages
Study Endpoint (years) PM Effects Pollutants Remarks (N)
Pekkanen et al. PEF 7-12 PEFR signif. for PMO0.03, Asthmatic
(1997) Kuopio, difft. PM PMO.1, (N=139)
Finland measures, w. difft.  PMO0.32, PM1,
lags PM,,
Timonen and PEF, respiratory 7-12 Morning PEF and  PM,, Asthmatic
Pekkonen (1997) symptoms PM,, signif, not (N =74) or dry
Kuopio, Finland evening; N.S. cough (N =95)
symptoms
Segala et al. (1998)  PEF, respiratory 7-15 PM13 N.S. in PM13, SO,, Mild (N =43),
Paris, France symptoms, mild asthma, NO, moderate
bronchodilator use signif. inhaler in (N=43)
moderates. asthmatics
PM13< other
Gielen et al. (1997)  PEF, respiratory 7-13 PEF, symptoms, PM,,, BS, O, Meds. (N =47) or
Amsterdam, the symptoms dilator use > for hospitalized (N =
Netherlands BS than PM,, 14)
PEACE studies, changes in Assessed by PM,,, BS, SO,,  Chronic resp.
the Netherlands respiratory group rates; NO, disease, usu.
symptoms N.S.PM Dry cough
Roemer et al. PEF, respiratory 6-12 PM,, signif. PM,,, BS, SO,  Chronic
(1993) the symptoms, broncho-dilator, respiratory
Netherlands medication marg. Signif. symptoms
PEFR N=73)
Hoek and PEEF, respiratory Weak assoc. PM,,, SO,, Non-asthmatics
Brunekreef (1994) symptoms PEFR, N.S. NO,, H+, SO,, (N=1079)
the Netherlands symptoms NO,
Boezen et al. PEF, respiratory 7-11 PM,, N.S. PM,, N =632 wand
(1999) the symptoms w/o bronchial
Netherlands hyperresp.
Agocs etal. (1997) PEFR TSP N.S. TSP, SO, Asthmatic
Budapest HU children
(N'=60)
Scarlett et al. Pulmonary PM,, signif. FEV,  PM,,, O;, NO, School children
(1996) function FvC (N =154)
Studnicka et al. Pulmonary Pulmonary PM,,, SO,, H+,  Three panels of
(1995) function function related to  NH3, O, children at
H+, not PM,, summer camp.

Note abbreviations: EF, peak expiratory flow; PEFR, reduction in PEF; N.S., not statistically significant (two-tailed,
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P =0.05).

6-150

DRAFT-DO NOT QUOTE OR CITE



TABLE 6-40. RECENT PM STUDIES OF EMERGENCY DEPARTMENT VISITS
(EDV), HOSPITAL ADMISSIONS, OR DOCTOR’S VISITS IN CHILDREN,
ATTRIBUTABLE TO SHORT-TERM PM EXPOSURE

Ages

Study Endpoint (years) PM Effects Pollutants Remarks (N)

Norris et al. EDV for asthma 0-17 PM,, signif. all PM,,, light scatter, = PM, index from

(1999) Seattle hosp., It.-scatter CO, SO,, NO, light scattering

WA each

Delfino et al. EDV, 1992- 0-1 H+ signif. only PM,,, PM, ,, SO,,

(1997) Montreal 1993 1993 H+, O,

PQ

Rosas et al. emergency 0-15 PM,, N.S. PM,,, TSP, O,, grass, fungal

(1998) Mexico admissions for SO,, NO, spores signif.

City asthma

Lin et al. (1999) Respiratory 0-12 PM,, signif. w. and  PM,,, O,, SO,, LRI, URI,

Sdo Paulo, Brazil  emergency visits w/0 co-pollutants NO,, CO wheezing w.
co-pollutants

Braga et al. Hospital 0-12 PM,, signif., not PM,,, SO,, NO,,

(1999) admissions w. O, CO CO

Sédo Paulo, Brazil

Ostro et al. Medical visit for 0-2 LRI 4-12% PM,,, O,

(1999) Santiago, LRI, URI

Chile 3-15 LRI 3-9%

Garty et al. EDV for asthma 1-18 PM,, N.S. PM,,, O,, SO,, N=1076

(1998) Israel NO,

Atkinson et al. EDV for 0-14 PM,, signif. total PM,,, BS, O;, SO,, N.S. in 2-poll.

(1999) London respiratory resp., asthma NO,, CO models w. SO,,

UK complaints NO,

Medina et al. Doctor’s house 0-14 Asthma signif. BS. PM13, BS, SO,, Similar RR for

(1997) Paris, calls NO,, O, PM13, SO,, NO,

France

Hajat et al. GP visits for 0-14 PM,,N.S,,BS PM,,, BS, O,, SO,,

(1999) London asthma, LRI signif. LRI NO,, CO

UK.

Sunyer et al. emergency 0-14 BS positive, N.S. BS, NO,, SO,

(1997) Barcelona  admissions for NO, and SO,

Helsinki asthma signif.

London, Paris
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Increased Infant and Child Mortality Associated with Short-Term PM Exposures

Table 6-41 shows the results of four recent studies, none in the U.S., in which excess
mortality was associated with PM. Significant mortality was reported in three of the four studies,
using PM, 5 exposure for infants in Mexico City (Loomis et al., 1999), TSP exposure for school-
age children (but not younger children) in Delhi (Cropper et al., 1997), and PM,, exposure for a
composite group of children 0-14 years in Bangkok (Ostro et al., 1999). Pereira et al. (1998) did
not find excess stillbirths associated with PM,, in Sdo Paulo. These studies are highly diverse in
terms of age group, location, and environment. As with adult mortality, there are no known
biological mechanisms that specifically account for excess child mortality from short exposures
to PM at levels found in these Latin American and Asian countries. However, the studies
suggest that short-term PM exposure in general may cause deaths of some children in certain
urban environments. The mortality findings are consistent with findings of less serious health
effects from short-term particle exposure, represented by respiratory endpoints from lung
function deficits through respiratory symptoms, medical encounters, and death, that may affect

substantial numbers of children.

TABLE 6-41. NEONATAL, INFANT, AND CHILD MORTALITY ATTRIBUTABLE
TO SHORT-TERM PM EXPOSURE

Study Mortality Ages PM Effects Pollutants Remarks (N)
Loomis et al. Total 0-11mo  PM,; signif. w and PM,, O,, NO,
(1999) Mexico w/o copollutant
City
Pereira et al. Intrauterine 0d PM,, N.S. PM,,, O,, SO,,
(1998) NO,, CO
Sédo Paulo, Brazil
Cropper et al. Total, 0-4 yr TSP N.S. for total TSP, SO,, NO,  Similar RR in
(1997) Delhi, cardiovascular, mort. both age groups,
India respiratory s.e. not given
5-14yr TSP signif. for total
mort
Ostro et al. Total, 0-5 yr PM,, signif. all PM,,, PM,
(1998) Bangkok,  cardiovascular,
Thailand respiratory
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Pulmonary Function or Respiratory Symptoms Associated with Longer-Term PM Exposures
Table 6-42 shows a number of studies related to longer-term PM exposures. All of these
studies involve school-age children, and many use PM,, as an index. PM,, is not always
significantly associated with adverse health effects, although other indicators sometimes are
(SO,, H+). There are no known biological mechanisms by which elevated PM exposure over
long periods of time may be associated with increased risk of respiratory symptoms or decreased
pulmonary function in children, although such mechanisms may exist. However, the
epidemiology findings from different sites are too diverse to allow simple conclusions about

underlying causes.

TABLE 6-42. RECENT PM STUDIES OF PULMONARY FUNCTION TESTS OR
RESPIRATORY SYMPTOMS IN SCHOOL-AGE CHILDREN ATTRIBUTABLE
TO LONG-TERM PM EXPOSURE

Study Endpoint Ages (years) PM Effects Pollutants Remarks (N)

Dockery et al. Various 8-12 SO, signif. PM,,, PM2.1,

(1996) 24 U.S., bronchitis; PM , SO,, H+, SO,,

Canad. N.S. any endpoint 0O,

Communities

Braun-Fahrlander ~ Various 6-15 Cough, bronchitis, PM,,, O,,

(1997) wheeze signif. NO,, SO,

10 Swiss comm. pollut.

von Mutius URI 9-11 PM signif. winter PM beta, SO,, (N =1854)

(1995) Leipzig, NO,

Ger.

Raizenne et al. Pulmonary 8-12 Strong signif. H+, PM,,, PM2.1,

(1996) 24 U.S., function signif. PM, SO,, H+, SO,,

Canad. (0N

Communities

Lewis et al. Night cough, 8-10 PM,, signif. chest PM,,, SO, (N =13023)

(1998) N.S.W. chest colds, colds, night cough.

Australia wheeze N.S. wheeze.

Peters et al. Asthma, Grades 4,7  PM,, signif. FVC, (N =150

(1999a,b) 12 So. bronchitis, cough, (9, 12 years) = MMFR N.S. FEV |, each in

CA communities wheeze, lung symptoms, PEFR, grades 4, 7)
function
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Increased Infant Mortality, Intrauterine Growth Reduction, or Preterm Delivery

Finally, a number of recent studies associated with children less than one year old is
pointing toward the possibility of adverse consequences to the mother, fetus, and infant, from
prolonged PM exposure during and shortly after pregnancy. Some of the studies shown in
Table 6-43 were discussed in Section 6.3.3. There appears to be a possible relationship between
preterm birth (< 37 weeks gestational age) or low birth weight (< 2,500 g) and PM exposure in
several locations. A significant relationship with PM,, and PM, ; was found in Teplice, Czech
Republic (Dejmek et al., 1999), but not with PM,, in Los Angeles (Ritz and Yu, 1999). Bobak
and Leon (1999) did not find a relationship of low birth weight to TSP. There was a significant
risk of low birth weight and preterm delivery in Beijing (Xu et al., 1995; Wang et al., 1997)
associated with TSP, but SO, was the only co-pollutant available. However, low birth weight is
known to be an important risk factor for infant mortality, so that the findings of excess mortality
in U.S. and Czech infants (Woodruff et al., 1997; Bobak and Leon, 1992) is consistent with many
of the other findings on intrauterine growth reduction (IUGR).

Several issues still require resolution. Dejmek et al. (1999) characterize IUGR as
low-weight-for-gestational-age, whereas others use a fixed weight for full-term infants (37 to
44 weeks) without adjusting for gestational age. Dejmek et al. (1999) also find the average PM
during the first month of pregnancy as the index of fetal exposure, whereas Xu et al. (1995),
Wang et al. (1997), and Ritz and Yu (1999) use final trimester averages. This is difficult to
interpret in terms of underlying biological mechanisms. In spite of these methodological
differences, there appears to be an identifiable PM risk to the fetus and infant.

The findings of adverse health effects in infants or young children associated with air
pollution exposures of one month to one year is of particular importance in interpreting findings
of long-term effects in adults. The duration of exposure in infants and young children is much
than that used to characterize adult exposure in long-term prospective cohort studies. While the
biological mechanisms for PM-related health effects in children are not necessarily the same as in
adults, the child studies do suggest less-than-chronic exposures may be harmful to adults as well

as to children. This hypothesis merits further investigation.
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TABLE 6-43. OTHER NEONATAL AND INFANT EFFECTS ATTRIBUTABLE TO
LONGER TERM PM EXPOSURE

Study Effects Ages PM Effects Pollutants Remarks (N)
Woodruff et al. Total infant 1-11 mo PM,, signif. PM,, PM,, avg over
(1997) mortality, SIDS, total, SIDS, 2 mos.

resp. respir. NBW
Bobak and Leon  Total infant 0+ d neonatal ~ TSP-10 N.S. TSP-10, SO,, Ecologic study;
(1992) Czech. mortality, respir. o NO, TSP indexed as
Repub. mort. post-neonatal TSP signif. 90™ percentile

post, respir. TSP signif.

Bobak and Leon  Low birth wt. 0d TSP N.S. TSP, SO,,
(1999) Czech. Stillbirth NO,
Rep.
Dejmek et al. Intrauterine 0d First month PM,,, PM,;,  30-d avg PM per
(1999) Teplice, growth reduction PM,,>37,PM,, SO, NO,, month of
Czech. Rep. > 40 signif. PAH pregnancy
Ritz and Yu Low birth weight 0d Last trimester PM,,, O,, CO signif., more
(1999) Los (adj. Gest age) PM,, N.S. NO,, CO signif. with
Angeles, CA co-pollutants
Wang et al. Low birth weight 0d. TSP signif. TSP, SO, in SO, also signif.
(1997) Beijing, increases risk of  third Small reduc.
PRC LBW trimester mn.wt.
Xu et al. (1995) Preterm 0d TSP signif. lag TSP, SO, SO, also signif.
Beijing, PRC gestational age 5-10 days

6.4.5 Consistency of Mortality and Morbidity Effects (Coherence)

The criterion of coherence was emphasized by Bates (1992) and it was discussed in detail
by U.S. Environmental Protection Agency (1996; Section 12.6.4.3). It consists of the assessment
of the entire body of epidemiology data, as well as supporting medical and toxicological data, for
consistency in a variety of health outcomes by its repeated observation in different populations of
individuals, under different circumstances of duration and level of ambient PM concentration,
and in different places. The adverse health effects associated with PM are: (1) lung function
decrements; (2) respiratory symptoms, or exacerbation of symptoms requiring bronchodilator
therapy; (3) hospital admissions for respiratory and cardiovascular causes; (4) emergency medical
visits; and (5) death from cardiopulmonary causes. None of the currently available time series

studies are based on a temporal sequence of these outcomes in single individuals. Panel studies
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of respiratory symptoms look at the repeated occurrence of symptoms in individuals, but not at
the progression of, for example, repeated respiratory symptoms into hospital admissions, or
repeated hospital admissions into cardiopulmonary mortality. Indeed, the extent to which this
progression occurs in individuals is uncertain. While some studies are currently underway that
will examine large public health data bases, no preliminary results have been published. It is
therefore necessary to look at indirect indicators of the quantitative consistency at a group level.

For example, in asthmatic panel studies, mild asthmatics rarely go to the hospital.
Asthmatic symptoms may be controlled by medication use, or may be sufficiently mild that
changes in pulmonary function or occurrence of symptoms can be detected and self-treated, but
not so severe that they lead to a hospital or emergency department visit. Moderate to severe
asthmatics usually are not assessed in panel studies, but these are the subjects more likely to go to
a hospital or emergency department for asthmatic episodes. Ambient PM concentrations may not
be associated with a progression from mild to severe asthmatic symptoms, since mild and severe
asthmatics are distinct sub-groups.

It is by no means self-evident that the numbers of events on some appropriate baseline of
time and reference group will follow a sequence (1) > (2) > (3) > (4). There are many causes
other than PM for each of these endpoints. Long-term lung function decreases with age and
chronic respiratory illness. It is affected by cigarette smoking behavior and exposure to
occupational air pollution. A number of studies have found an association of mortality with
reduced ventilatory function (Strachan, 1992; Higgins and Keller, 1970). Strachan (1992) notes
that little is known about the constitutional or environmental determinants of ventilatory function
decline. Longitudinal studies such as the Harvard Six Cities study could be used to evaluate a
hypothetical causal pathway. Ambient PM concentration — PM exposure — FEV, decrease
— death in individuals. The decline of FEV,| may be either a precursor of ambient-PM-induced
health effects, or an independent factor in susceptibility to air pollution effects leading to hospital
respiratory admissions or mortality.

The relationship of hospital admissions and mortality in independent studies has been
studied. Hospital admissions may be affected by health status as well as by environmental
factors. For an individual, the relationship of prior hospital admissions to mortality is uncertain.
In general non-environmental studies (Seneff et al., 1995), hospitalization in the preceding few

months or year is a good predictor of subsequent hospital admissions or death. The major risk
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factor for subsequent death was the development and severity of non-respiratory organ system
dysfunction. It is possible that medical intervention is provided to the most seriously ill
individuals, but if these interventions reduce the likelihood of death associated with elevated
ambient PM concentration and exposure, then many of the deaths attributed to ambient PM may
occur in a less frequently hospitalized population. Quantitative consistency would be suggested
if there were more cause-specific hospital admissions than deaths from respiratory or

cardiovascular causes as described in U.S. Environmental Protection Agency (1996).

An Ecological Assessment

In the absence of appropriate multi-endpoint cohort studies, some evaluations looking at
group-level outcomes may provide some insight. Figure 6-3 shows three indicators for the
Harvard Six Cities, using data from Dockery et al. (1993); Ferris et al. (1979) . The vertical axis
is the relative risk of mortality from (Dockery et al., 1993), the x-axis is the mean PM,
concentration for each city from the same paper, and the y-axis is the mean deviation from
expected FEV, (not necessarily in the same subjects in each city) (Ferris et al., 1979). The close
linear relationship of mortality RR to PM, ; was noted in U.S. Environmental Protection Agency
(1996). The 2-dimensional relationships to PM, 5 are shown in Figure 6-4. The relationship of
mean FEV, to PM, s shows a general trend of greater FEV, decrements with increasing PM, , but
the relationship is weaker and appears nonlinear. As did the cohort in Strachan (1992), the
cohort in Dockery et al. (1993) should show a relationship between pulmonary function and
mortality unrelated to ambient PM, although this has not yet been evaluated. Further evaluation

using other ambient PM indices such as PM, ; is needed.

6.4.6 Effects of PM Size Distribution and Composition
6.4.6.1 Summary of Previous 1996 PM AQCD

Most of the information about size-fractionated PM health effects in U.S. Environmental
Protection Agency (1996) was based on PM,,, with supporting studies using BS, SO,, or BS.
The only daily time series study on mortality (Schwartz et al., 1996) evaluated the single-
pollutant effects of PM, 5, PM,,, 5, and PM,, in the Harvard Six Cities study. While
two-pollutant models with both PM, s and PM,, ; were fitted, the only results reported were that,
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Figure 6-3. Relationship of ambient PM, ; to relative risk of mortality and to deviations of
FEV, from its expected (standard) value in the Harvard Six Cities study
(Ferris et al., 1979; Dockery et al., 1993).
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Figure 6-4. Relationship of two health endpoints to PM, . in the Six Cities study.
(a) strong linear relationship between relative risk of mortality and mean
PM, 55 (b) nonlinear or weakly linear relationship between mean FEV,
decrement and PM, .. Data from (Dockery et al., 1993; Ferris et al., 1979).
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“The estimated effects of the Sth to the 95th percentile increase for PM, < (5.8%, CI1 4.3% to 7.4%
[excess mortality per 38.8 1g/m’]) was unchanged while the estimate for CM [coarse matter,
PM,,. 5] (-0.6%, 95% CI -2.2% to 1.0% [excess mortality per 29.1 ng/m’]) was essentially zero.”
Significant or marginally significant PM, ; effects on mortality were identified in most of the
cities, and very significant effects in the combined analysis. Only one city suggested a significant
effect of PM,, .

Long-term prospective cohort studies used single-pollutant PM, ;, PM,,, 5, PM,,, SO, or H+
(Dockery et al., 1993) or PM, 5 and SO, (Pope et al., 1995). Neither study evaluated effects of
gaseous co-pollutants.

The studies cited in Sections 6.2 and 6.3 include a number of studies in which PM, 5 was
observed, or estimated using site-specific data. A few studies have even included PM, , as an
indicator of the effects of ultrafine particles. These studies are tabulated below in extensive
detail because of the importance of characterizing the health effects of fine particles. Many of
the new PM, ; studies include one or more gaseous co-pollutants, and (Fairley, 1999) included
both PM, ; and PM, ,s, the nitrate (NO,) component of PM,,, and gaseous co-pollutants. The
new studies thus greatly expand the information available compared to U.S. Environmental

Protection Agency (1996).

6.4.6.2 Assessment of Effects of PM, ; and Gaseous Co-Pollutants

Several recent studies in Santa Clara County, Toronto, and Mexico City have been reported
in sufficient detail to allow evaluation of the sensitivity of PM,  health effects estimates to
co-pollutants and lag times or moving averages used in the model. These analyses generally use
Poisson regression models for daily mortality counts or hospital admissions, non-parametric
smoothers for temporal detrending, and adjustments for temperature and other meteorological
variables, thus are likely to provide adequate control of non-pollution factors that affect health
endpoints. The hospital admissions studies in Toronto are discussed first (Burnett et al., 1997b,
1999), then the mortality studies in Toronto (Burnett et al., 1998) and in Mexico City
(Borja-Abuto et al., 1998; Loomis et al., 1999).
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Hospital Admissions in Toronto
Burnett et al., 1997 Study

There is an extensive reporting of results for 1-, 2-, and 4-pollutant models for summer
hospital admissions for respiratory causes (Table 6-44) and cardiovascular causes (Table 6-45)
separately. Table 6-44 shows the respiratory admissions relative risks (RR) and confidence
limits (LCL, UCL) for three PM indices (estimated PM, ; or EPM, ., estimated PM,, or EPM,,
and estimated coarse fraction PM,,, s or ECF), and for four co-pollutants (O, NO,, SO,, CO).
All of the single-pollutant models from Table 2, 2-pollutant models with one of the PM indices
from Tables 4 and 5, and 4-pollutant models in Table 6 in (Burnett et al., 1997) are shown. The
sensitivity of the PM and co-pollutant predictors of daily respiratory admissions may be assessed
by use of the t-statistics in the last 5 columns. Although t-statistics are less useful for
comparisons across studies, they are extremely helpful for within-study assessments shown here.

The PM, ; t-statistic for respiratory admissions shows slight attenuation when CO is
included in the model, moderate attenuation from single-pollutant estimates when O, and SO, are
included in the model, but major attenuation when NO, or 3 co-pollutants are included. There
appears to be a substantial collinearity involving PM,  (averaged 1+2+3+4 days) and NO,
(averaged 0+1+2+3+4 d). There is little collinearity of PM, ; with CO (averaged 2+3+4 d).

The PM,, t-statistic for respiratory admissions shows slight attenuation when CO and O,
are included in the model, moderate attenuation from single-pollutant estimates when SO, is
included in the model, but major attenuation when NO, or 3 co-pollutants are included. There
appears to be a substantial collinearity involving PM,, (averaged 0+1+2+3 d) and NO, (averaged
0+1+2+3+4 d). There is little collinearity of PM,, with CO or O, in summer.

The PM,, ; t-statistic for respiratory admissions shows slight attenuation when CO or O,
are included in the model, moderate attenuation from single-pollutant estimates when SO, is
included in the model, but major attenuation when NO, or 3 co-pollutants are included. There
appears to be a substantial collinearity involving PM,,, s (averaged 0+1+2+3+4 d) and NO,
(averaged 0+1+2+3+4 d). There is little collinearity of PM,,, s with CO or O, in summer.

The PM, , t-statistic for cardiovascular admissions shows slight attenuation when CO is
included in the model, moderate-to-large attenuation from single-pollutant estimates when O,,

NO,, SO, or are included in the model, but major attenuation when 3 co-pollutants are included.
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TABLE 6-44. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS (IN BURNETT ET AL., 1997b; TABLES 2, 4, 6)
ENDPOINT: Hospital admissions for respiratory causes.

SITE: Toronto, Canada, summers.

PM Relative Risk t-statistics for RR
PM Index RR LCL UCL PM 0O, NO, SO, CcoO
EPM, ; (25) Moving 1.086 1.034 1.141 3.3
average lag
days 1+2+3+4 1.062 1.010 1.118 2.3 4.6
1.030 0.972 1.091 1.0 3.1
1.062 1.003 1.125 2.1 1.9
1.081 1.025 1.141 2.8 0.5
0.998 0.954 1.043 -0.1 4.7 2.3 1.6
EPM,, (50) Moving 1.109 1.045 1.177 34
average lag
days 0-+1+2+3 1.098 1.036 1.164 32 5.0
1.021 0.945 1.104 0.5 2.8
1.079 1.005 1.159 2.1 1.7
1.106 1.035 1.181 3.0 0.5
1.014 0.940 1.094 0.4 4.7 1.8 1.5
E. Coarse fraction 1.127 1.052 1.207 34
(25) Moving average
lag days 0+1+2+3+4 1.110 1.038 1.187 3.0 4.9
1.048 0.957 1.149 1.0 3.0
1.098 1.016 1.188 2.4 2.0
1.121 1.041 1.208 3.0 0.7
1.037 0.950 1.133 0.8 4.7 1.7 1.5

Other PM indices: CoH, SO,, H+
Note: PM, ,, avg. lags 1-4 days; PM ,,, avg. lags 0-3 d; CP, avg. lags 0-4 d; SO ,, avg. lags 1-4 d; H+, avg. lags

0-1 d; CoH, dayt. avg. lags 0-4 d; O ,, dayt. avg. lags 1-3 d; NO,, dayt. avg. lags 0-4 d; SO ,, max. avg.
lags 0-3 d; CO, max. avg. lags 2-4 days.

1 There appears to be a substantial collinearity involving PM, ; with NO,, SO,, and possibly O,.
2 There is little collinearity of PM, s with CO (averaged 2+3+4 d).
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TABLE 6-45. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT ET AL., 1997b; TABLES 2, 5, 6)
ENDPOINT: Hospital admissions for cardiovascular causes.

SITE: Toronto, Canada, summers.

PM Relative Risk t-statistics for RR
PM Index RR LCL UCL PM 0, NO, SO, CcO
EPM, ; (25) 1.072 0.994 1.156 1.8
Moving average
lag days 1+2+3+4 1.032 0.953 1.117 0.8 35
1.039 0.960 1.125 1.0 2.7
1.046 0.966 1.133 1.1 2.2
1.065 0.983 1.154 1.5 0.8
0.984 0.895 1.082 -0.3 3.7 1.7 1.6
EPM,, (50) 1.121 1.014 1.1238 2.2
Moving average
lag days 0+1+2+3 1.091 0.986 1.206 1.7 3.6
1.036 0.922 1.163 0.6 2.3
1.072 0.964 1.192 1.3 1.9
1.109 1.001 1.229 2.0 0.7
0.986 0.875 1.112 -0.2 3.8 1.6 1.6
E. Coarse fraction 1.205 1.082 1.341 34
(25) Moving
average lag 1.192 1.073 1.325 33 3.7
days O+1+2+3+4 1139 0992 1.308 1.8 1.4
1.168 1.037 1.317 2.6 1.4
1.198 1.072 1.340 32 0.5
1.121 0.981 1.282 1.7 3.8 0.6 1.4

Note: Other PM indices CoH, SO, , H+

Note: PM,, avg. lags 1-4 days; PM ,,, avg. lags 0-3 d; CP, avg. lags 0-4 d; SO ,, avg. lags 1-4 d; H+, avg. lags
0-1 d; CoH, dayt. avg. lags 0-4 d; O ,, dayt. avg. lags 1-3 d; NO,, dayt. avg. lags 0-4 d; SO ,, max. avg.
lags 0-3 d; CO, max. avg. lags 2-4 days.

1 The PM,, t-statistic for cardiovascular admissions shows slight attenuation when CO and
2 O, are included in the model, moderate attenuation from single-pollutant estimates when SO, is
3 included in the model, but major attenuation when NO, or 3 co-pollutants are included. There
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appears to be a substantial collinearity involving PM,, (averaged 0+1+2+3 d) and NO, (averaged
0+1+2+3+4 d). There is little collinearity of PM,, with CO or O, in summer.

The PM,, ; t-statistic for respiratory admissions shows slight attenuation when CO, O, or
SO, are included in the model, but major attenuation when NO, or all 4 co-pollutants are
included. There appears to be a substantial collinearity involving PM,, s (averaged
0+1+2+3+4 d) and NO, (averaged 0+1+2+3+4 d). There is little collinearity of PM,, s with CO
or O; in summer.

The averaging times used for PM indices and for the gaseous pollutants are all much longer
than is found in many other studies. Results for shorter averaging times would also be of
interest, but were not reported. The longer averaging times may have corresponded to summer
episodes, or may have been necessary in order to find statistically significant relationships in the
relatively short time series data sets (summers, 1992-1994).

Inferences that may be drawn from the data set are limited by the use of estimated PM, s
and PM,, data. This introduces an unknown measurement error into these PM indices. Other
measured PM indices are also available in the paper (H+, SO,, Coefficient of Haze).

The PM, , estimates achieve statistical significance for respiratory admissions, but not for
cardiovascular admissions, and even then, are not significant when NO, is included as a
co-pollutant. Conversely, the coarse fraction PM,, 5 estimates are highly significant predictors
for both respiratory and cardiovascular admissions, except when NO, is included as a
co-pollutant. Even then, ECF is positive and marginally significant (0.05<P<0.10) for
cardiovascular causes when NO, is included as a co-pollutant. The greater significance for the
estimated coarse fraction effect is unexpected, since coarse fraction mass may have greater

measurement error than PM, ..

Burnett et al., 1999 Study

This study assessed the effects of particles and gaseous pollutants on hospital admissions
over a much longer time span, 1980-1994, than did Burnett et al. (1997a). There is an extensive
reporting of results for 1-, 2-, and multi-pollutant models for annual daily hospital admissions for
respiratory infection (Table 6-46), asthma (Table 6-47), obstructive lung disease (Table 6-48),
heart failure (Table 6-49), ischemic heart disease (Table 6-50), and dysrhythmias (Table 6-51).

There were no systematic PM effects on cerebral vascular disease and diseases of the peripheral
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TABLE 6-46. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT ET AL., 1999; TABLES 3, 4, 5)
ENDPOINT: Hospital admissions for respiratory infections.

SITE: Toronto, Canada.

PM Relative Risk t-statistics for RR

Lags, d
Pollutant averaged RR LCL UCL PM 0O, NO, SO, CO
EPM, , (25) 0+1+2 1.108 1.072 1.145 6.09
EPM,, (50) 0+1+2 1.112 1.074 1.152 5.96
ECF (25) 0+1+2 1.093 1.046 1.142 4.00
0, 1+2 4.29
NO, 0 5.53
SO, 0+1+2 5.04
CcoO 0 4.25
NO, + SO, + O, 4.04 3.38 343
NO, + SO, + O, 1.098 1.034 1.166 3.03 3.88 2.94 1.04
+ EPM,
NO, + SO, + O, 1.113 1.010 1.227 2.16 344 3.03 1.56
+ Epmio
NO, + SO, + O, 1.018 0.915 1.133 0.33 3.63 3.34 3.06
+ ECF
Table 5: NO, + 1.121 1.066 1.178 4.46 3.80 3.31
O, +EPM,

circulation, which are not shown here. Tables 6-46 through 6-51 show the admissions relative
risks (RR) and confidence limits (LCL, UCL) for three PM indices (estimated PM, 5 or EPM, s,
estimated PM,, or EPM,,, and estimated coarse fraction PM,,, s or ECF), and for four
co-pollutants (O;, NO,, SO,, CO), along with the optimal moving average or lag times for each
endpoint and each pollutant. All of the single-pollutant models from Table 3, and multipollutant
models from Tables 4 and 5 in (Burnett et al., 1999) are shown. Burnett et al. (1999) drew
conclusions based on their Table 5 models. The Table 4 models all use the “optimal” model with
gaseous pollutants as their starting point, with each PM index added to this model. The

sensitivity of the PM and co-pollutant predictors of daily respiratory admissions may be assessed
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TABLE 6-47. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT ET AL., 1999; TABLES 3, 4, 5)
ENDPOINT: Hospital admissions for asthma.

SITE: Toronto, Canada.

PM Relative Risk t-statistics for RR

Lags,
Pollutant d averaged RR LCL UCL PM 0O, NO, SO, CcO
EPM,  (25) 0+1+2 1.064 1.024 1.106 3.22
Eppiio (50) 0+1+2 1.089 1.037 1.144 3.39
ECF (25 2+3+4 1.111 1.058 1.166 4.20
0, 1+2+3 4.63
NO, 0 2.37
SO, 2+3+4 1.76
CO 0 3.92
CO +8S0,+ 0, 4.56 1.53 3.72
CO + S0, + O, 1.027 0.965 1.093 0.85 4.40 1.13 3.15
+ EPM,
CO + S0, + O, 1.031 0.937 1.135 0.63 4.20 1.27 3.32
+ EPMIO
CO + S0, + O, 1.170 1.041 1.314 2.63 3.49 0.25 3.84
+ ECF
Table 5: CO + 1.179 1.036 1.342 3.04 3.48 3.86
O, + ECF

by use of the t-statistics in the last 5 columns. Burnett et al. (1999) presented coded t-statistics
for co-pollutant models, so only single-digit t values may be inferred.

The PM t-statistics for respiratory infections in Table 6-46 show substantial attenuation
when NO,, SO,, and O, are included in the models. The estimated coarse fraction loses almost
all effect when gaseous pollutants are included. However, when SO, is omitted as not
consistently significant, then the Table 5 model with EPM, ; is less attenuated, and appears to be
more significant than when SO, is included is included in the Table 4 co-pollutant model. Thus,
there appears to be a significant PM, ; effect on respiratory infection admissions that is not

wholly attributable to gaseous pollutants.
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TABLE 6-48. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT ET AL., 1999; TABLES 3, 4, 5)
ENDPOINT: Hospital admissions for obstructive lung disease.

SITE: Toronto, Canada.

PM Relative Risk t-statistics for RR

Lags, d
Pollutant averaged RR LCL UCL PM 0, NO, SO, CcO
EPM, (25) 1+2 1.048  0.998 1.100 1.89
Epmio (50) 2 1.069  1.013 1.128 2.44
ECF (25) 2+3+4 1.128  1.049 1213 3.26
O, 2+3+4 423
NO, 1 1.07
SO, 2 0.05
CO 0 1.48
CO + 0, 3.80 1.50
CO + O, + EPM, 1.046 0986  1.110 1.28 3.69 1.22
CO+0;+EPM,, 1.077 0978  1.186 1.59 3.41 1.39
CO + 0, +ECF 1.172 0952  1.443 1.90 2.74 1.52
Table 5: CO+O;+ 1.172 0952 1443 1.90 2.74 1.52

ECF

The PM t-statistics for asthma admissions in Table 6-47 show substantial attenuation when
CO, S0O,, and O, are included in the models. Only the estimated coarse fraction retains statistical
significance when gaseous pollutants are included. However, when SO, is omitted as not
consistently significant, then the Table 5 ECF effect is slightly larger, and significance of the
coarse fraction is greater than the Table 4 co-pollutant model. Thus, there appears to be a
significant PM,, s effect on asthma admissions that is not wholly attributable to gaseous
pollutants.

The PM t-statistics for obstructive lung disease in Table 6-48 show substantial attenuation
when CO and O, are included in the models. The estimated PM, 5, PM,,, and coarse fractions
lose their statistically significant effects on admissions for obstructive lung disease when gaseous

pollutants are included, although the coarse fraction is still marginally significant.
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TABLE 6-49. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT ET AL., 1999; TABLES 3, 4, 5)
ENDPOINT: Hospital admissions for heart failure.

SITE: Toronto, Canada.

PM Relative Risk t-statistics for RR

Lags, d
Pollutant averaged RR LCL UCL PM 0O, NO, SO, CcO
EPM,  (25) 0+1+2 1.066 1.025 1.108 3.20
EPM,, (50) 0+1+2 1.097 1.042 1.155 3.51
ECF (25 0+1+2 1.079 1.023 1.314 2.79
0, 1+2 1.42
NO, 0 6.33
SO, 0 3.85
CcoO 0+1 5.71
CO +NO, 3.44 2.08
CO+NO, + 1.019 0.959 1.082 0.60 3.33 1.83
EPM,
CO+NO, + 1.050 0.954 1.155 1.00 3.18 1.84
EPM,,
CO+NO, + 1.071 0.956 1.201 1.18 3.11 2.04
ECF
Table 5: 3 2
CO +NO,

The PM t-statistics for heart failure admissions in Table 6-49 show substantial attenuation
when NO, and CO are included in the models. The PM, s, PM,,, and estimated coarse fractions
lose even marginal statistically significant effects on admissions for heart failure when these
gaseous pollutants are included.

The very significant single PM t-statistics for ischemic heart disease admissions in
Table 6-50 show almost complete attenuation when NO, and SO, are included in the models.

The NO, and SO, effects are somewhat attenuated, but remain statistically significant when PM,,,
only 1 of the 3 respiratory endpoints (admissions for asthma) retains a clearly significant effect of

PM, ., s, after specific co-pollutants are included in the models. None of the cardiovascular or
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TABLE 6-50. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT ET AL., 1999; TABLES 3, 4, 5)
ENDPOINT: Hospital admissions for ischemic heart disease.

SITE: Toronto, Canada.

PM Relative Risk t-statistics for RR

Lags, d
Pollutant averaged RR LCL UCL PM 0O, NO, SO, CcO
EPM, (25) 0+1+2 1.080 1.054 1.105 6.08
EPM,, (50) 0+1+2 1.084 1.053 1.115 5.55
ECF (25) 2+3+4 1.037 1.013 1.062 3.02
0O, 1+2+3 0.99
NO, 0 8.40
SO, 2+3+4 6.13
CoO 0 6.46
NO, + SO, 6.10  2.07
NO, + SO, + EPM, ; 1.031 0.985 1.080 1.32 5.45 1.20
NO, + SO, + EPM,, 0.996 0.967 1.025 -0.3 5.56 1.98
NO, + SO, + ECF 0.985 0.871 1.112 -0.2 594  2.03
Table 5: NO, + SO, 6.10 2.07

circulatory endpoints appear to show clearly significant effects for any PM index when specific
co-pollutants are included in the model. Marginally significant effects of the coarse fraction for
COPD and PM,, for dysrhythmia are also noteworthy in this context.

The differences between the previous study (Burnett et al., 1997a) and this study require
further elaboration. The early study looked only at summer outcomes, for combined respiratory
causes and combined cardiovascular causes, rather than year-round effects for more specific
causes. Combining the specific causes, and looking for seasonal effects, might have found more
similar results in this study.

Differences in PM and co-pollutant moving averages might also account for different
findings. The PM, s moving average in (Burnett et al., 1997) was 1+2+3+4 days, whereas the

moving averages for the significant effect for PM, ; in Table 6-46 was 0+1+2 days, the
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TABLE 6-51. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT ET AL., 1999; TABLES 3, 4, 5)
ENDPOINT: Hospital admissions for dysrhythmias.

SITE: Toronto, Canada.

PM Relative Risk t-statistics for RR

Lags, d
Pollutant averaged RR LCL UCL PM 0O, NO, SO, CcO
EPM,; (25) 0 1.061 1.019 1.104 291
EPM,, (50) 0 1.084 1.029 1.142 3.03
ECF (25) 0 1.051 0.998 1.108 1.88
O, 2+3+4 1.71
NO, 0+1+2 1.73
SO, 0 1.43
CoO 0+1 3.60
CO+0; 1.58 3.52
CO+0,+ 1.048 0.985 1.115 1.49 1.63 2.50
EPM,;
CO+0,+ 1.089 0.991 1.197 1.77 1.58 2.58
EPM,,
CO + 0, +ECF 1.072 0.961 1.195 1.24 1.53 3.29
Table 5: CO + 1.048 0.985 1.115 1.49 1.63 2.50

O, +EPM,

non-significant effects for PM, 5 in Tables 6-47 through 6-51 were 0+1+2, 1+2, and 0 days. The
PM,,, s moving average in (Burnett et al., 1997a) was 0+1+2+3+4 days, whereas the moving
averages for the significant effect for PM, 5 in Table 6-47 was 2+3+4 days, the non-significant
and the coarse PM fraction are included. Including PM, s reduces the NO, effect slightly, and the
SO, effect becomes non-significant.

The PM t-statistics for dysrhythmias in Table 6-51 show substantial attenuation when CO
and O, are included in the models. The estimated PM, 5, PM,,, and coarse fractions lose much of

their effect when gaseous pollutants are included. However, there appears to be a positive
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marginally significant PM,, effect on admissions for dysrhythmias that is not wholly attributable
to gaseous pollutants.

The results of this study provide a rather mixed picture, Only 1 of the 3 respiratory
endpoints (admissions for respiratory infections) retains a clearly significant effect of PM, s, and
effects for PM, 5 in Tables 6-46 and 6-48 through 6-51 were 0+1+2, 2+3+4, and 0 days. The
co-pollutant moving averages and lag times were much more diverse across the health endpoints
than the PM moving averages. It is not possible to generalize these findings into a single
statement about the potential effect of gaseous pollutants as confounders of PM health effects for

various endpoints at various time lags.

Mortality Studies
Fairley (1999) in Santa Clara County, California

This paper evaluates the effects of PM, 5 and its co-pollutants in considerable detail, using
data for 1989-1996, updating earlier studies (Fairley, 1990, 1994) discussed in (U.S.
Environmental Protection Agency, 1996). Santa Clara County (SCC) is a major metropolitan area
centered on the city of San Jose, just south of the San Francisco MSA. While particle
concentrations from mobile sources, wood smoke and other stationary sources are relatively high
during the winter, SO, concentrations are so low that they are no longer monitored in SCC.
However, PM, ;, PM,,, 5, and PM,, were measured on an every-sixth-day schedule at the SCC
San Jose 4™ Street site from 1990. The analyses did not used imputed PM data, so that the
sample sizes are only N = 408 for fine and coarse fractions from a dichot sampler, N = 823 for
PM,, from dichot and hi-vol samplers, N = 523 for sulfate and 534 for nitrate (NO,) samples
from PM,,. The dichotomous sampling at this site also allowed collection of PM,, nitrate and
sulfate species data. Daily measurements of CoH were also available for comparison with the
1980-1986 study (Fairley, 1990). Poisson regression models were fitted to daily mortality data,
as well as to cardiovascular and respiratory mortality data, but extensive assessments for
sensitivity to co-pollutant models are only reported for total mortality. Daily measurements were
available for gaseous co-pollutants. Because of the sparse PM measurements, only concurrent-
day and previous-day effects are considered.

The results are shown in Table 6-52. All of the PM, 5 coefficients with gaseous

co-pollutants are statistically very significant, and practically unchanged in magnitude, as are the
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TABLE 6-52. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANT MODELS IN (FAIRLEY, 1999; TABLE 4)
ENDPOINT: Mortality
SITE: Santa Clara County, California, 1989-1996.

PM Relative Risk t-statistics for RR

PMIndex RR LCL UCL | PM O, NO, SO, CO CoH NO, SO, CF

PM, , 1.085 1.034 1.138 | 3.3
25 ug/m’
1.091 1.036  1.148 33 1.1
1.108  1.049 1.171 3.7 -1.2
1.097 1.035 1.163 3.1 -0.8
1.098  1.021 1.180 2.5 -0.2
0.999 0913 1.095 | -0.0 1.9
1.090 1.031 1.153 3.0 0.0
1.100  1.043  1.160 3.5 -0.9
1.117  1.049  1.190 34 1.4 -1.0 -0.1
PM,, 1.080 1.035 1.127 | 36

(50)
CF (25) 1.045 0933 1.171 | 038

SO,(15) 1328 1.059 1.665 | 2.5

NO, 3.4
35 15
3.3 0.5
3.0 0.4
34 20 09 1.6

Note: All pollutants lag 0 except for CoH, CO, or NO , (lag 1 where they fit better). Ozone is 8-hr average.

PM, , coefficients with CoH, SO,, and PM,, 5, and these co-pollutant effects are greatly
attenuated in size and significance when PM,  is included. This suggests that PM, ; has an effect
on mortality that is largely independent of all co-pollutants in the model except for the thoracic
nitrate fraction (NO,) in PM,,. The thoracic nitrate fraction appears slightly more significant as a

predictor of total mortality than does PM, ;. Further elaboration of the possible role of PM, 5 and
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nitrate in SCC would be of interest, such as the mortality effects of the non-nitrate thoracic
particles (PM,,-NO,) and the non-sulfate fine particles (PM, s-SO,). Cause-specific mortality

effects with co-pollutants included in the model would also be of interest.

Burnett et al. (1998) in Toronto, Canada

Although this paper emphasizes the role of CO in mortality, a great deal of information
about PM effects is also provided. The paper emphasizes short-term exposure lags, either
same-day or previous day (0 or 1) or their average. The results are shown in Table 6-53. There
is an extensive reporting of results for 1- and 2-pollutant models for total mortality.

Table 6-53 shows the relative risks (RR) and confidence limits (LCL, UCL) for five PM indices
(estimated PM, 5 or EPM, ., estimated PM,, or EPM,,, sulfates, TSP, and coefficient of haze or
CoH). No results are reported for the estimated coarse fraction PM,, 5, a major omission. The
t-statistics are given for models with and without CO as a co-pollutant for the five PM indicators,
and for three gaseous pollutants (O;, NO,, SO,).

All five PM indicators have a statistically significant relationship to mortality, although the
significance is greatly reduced by inclusion of CO as a co-pollutant. None of the gaseous
pollutants are statistically significant with inclusion of CO. The statistical significance of CO is
only slightly diminished by the inclusion of a PM indicator, with the exception of CoH
(an indicator of elemental fine carbon that is often highly correlated with CO). In every case,
CO has greater statistical significance than the PM index, although both are significant.

The two most significant particle indicators of mortality are CoH and EPM, ;, which have
the same t-statistic of 3.5 with CO as a co-pollutant. A more thorough co-pollutant assessment
of PM, , for Toronto, with particular attention to NO, and O, effects, seasonal effects, and

specific causes of death, would be of interest.

Borja-Abuto et al. (1998) in Southwest Mexico City, Mexico

The authors carried out a detailed assessment of non-accidental mortality for the period
1 January 1993-31 July 1995 in a populous section of Mexico City with historically high ozone
levels, but lower levels of PM than in heavily industrialized areas. In addition to total mortality,
the authors also examined mortality for age > 65 years, mortality from respiratory causes, from

cardiovascular causes, and from other causes. The results are shown in Table 6-54, for a PM, ;
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TABLE 6-53. SENSITIVITY OF PM RELATIVE RISK ESTIMATE TO
CO-POLLUTANTS MODELS IN (BURNETT, ET. AL., 1998: TABLE 2)
ENDPOINT: Total mortality from all natural causes.

SITE: Toronto, Canada.

PM Relative Risk t-statistics for RR
Lag or CORR
PM Index or  average (1.4
Pollutant (days) RR LCL UCL PM (0N NO, SO, CO ppm)
CO 0+1 8.4 1.070
EPM,; 0+1 1.048 1.033 1.064 6.0
25 ug/m3
1.030 1.014 1.047 3.5 6.3 1.056
EPM,, 0 1.035 1.018 1.053 3.9
50 ug/m3
1.021 1.004 1.039 2.4 7.1 1.063
SO= 0 1.027 1.012 1.043 3.4
15 pg/m3
Lag0d 1.020 1.005 1.035 2.8 7.9 1.066
TSP 0 1.023 1.008 1.038 3.1
100 pg/m
1.017 1.002 1.032 2.3 6.7 1.056
CoH 0+1 1.059 1.043 1.075 7.5
(0.6 per kft)
1.035 1.016 1.055 3.5 4.3 1.043
O, 1 0.7
1.4 8.7 1.072
NO, 0 32
0.7 8.0 1.067
SO, 0 2.6
1.5 8.0 1.067

Note: Multiple-pollutant models have 2 or more t-values in the same row, for each pollutant.

Note: Average of lags 0 and 1 days used for CO, CoH. EPM ,,. Lag 0 (same day) used for EPM ,,, TSP, SO,,
NO,, SO,. Lag 1 used for O,.

lag of 4 days (largest effect), with co-pollutants O, (average 1+2 d) and NO, (average
1+2+3+4+5 d). We will examine the choices of lag structures later. The authors reported results

of single-pollutant models, and all 2- and 3-pollutant models with PM, ..
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TABLE 6-54. SENSITIVITY OF PM RELATIVE RISK ESTIMATE FOR
TOTAL MORTALITY TO CO-POLLUTANT MODELS
(BORJA-ABUTO ET AL., 1998, TABLE 5)
PM INDEX: PM,,, lag 4 days.
SITE: Southwest Mexico City, Mexico

PM, ; Relative Risk
(25 pug/m3, lag 4 d) t-statistics for RR
Endpoint RR LCL UCL PM 0, NO, SO, CoO
Total mortality 1.034 1.005 1.064 2.3
from all natural
causes 06
1.1
1.036 1.006 1.067 2.4 0.9
1.034 0.997 1.071 1.8 0.0
1.043 1.006 1.080 23 1.0 -0.0
Age > 65 1.040 1.001 1.080 2.0
1.3
0.7
1.041 1.000 1.082 2.0 0.9
1.046 0.997 1.096 1.8 -0.4
1.058 1.008 1.109 23 1.1 -0.6
Respiratory 1.064 0.972 1.160 1.4
-0.5
0.9
1.067 0.973 1.166 1.4 -0.6
1.051 0.939 1.170 0.9 0.4
1.043 0.930 1.163 0.7 -0.7 1.0
Cardiovascular 1.056 1.000 1.113 2.0
2.0
0.9
1.056 0.999 1.116 1.9 1.8
1.043 0.930 1.163 0.7 -0.3
1.088 1.017 1.162 2.4 2.0 -0.2
Other natural 1.020 0.983 1.057 1.0
causes 05
0.7
1.021 0.984 1.060 1.1 0.2
1.018 0.971 1.065 0.7 0.1
1.022 0.975 1.069 0.9 0.2 -0.0

Note: PM, ; lag 4 days; O, mean of lags 1 and 2 days; NO , mean of lags 1 through 5 days.
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The t-statistics for PM, ; were generally stable across co-pollutant models within each
endpoint. For total mortality, PM, s had a significant effect when O,, and both O, and NO, were
included. When NO, was the only co-pollutant, the PM, ; effect was of about the same
magnitude, but only marginally significant.

For elderly mortality, PM, ; had a significant effect when O;, and both O, and NO, were
included. When NO, was the only co-pollutant, the PM,  effect was of about the same
magnitude, but only marginally significant. The relative risks were somewhat higher than for
total mortality, but showed a similar pattern.

Neither PM, 5 nor the co-pollutants had a significant effect on respiratory mortality.
However, the PM, ; relative risk was higher than all-cause mortality. The lack of statistical
significance may reflect the small number of deaths in this category.

For cardiovascular mortality, PM, s had a larger and even more significant effect when both
O, and NO, were included. When O, or NO, was the only co-pollutant in the model, the PM,
effect was of about the same magnitude, but not significant with NO, and marginally significant
with O,. The O, effects were stable and significant or marginal for cardiovascular mortality.
This was the only endpoint for which O, effects were significant, with or without PM, ; as a
co-pollutant.

The PM, , relative risks for other natural causes were lower than for respiratory or
cardiovascular causes. None of the pollutants had a significant effect on other-cause mortality.

The time lags and moving averages selected are somewhat atypical. The authors present
information on risk estimates at various lags. Figure 6-5 shows a pattern of relative risks, with
confidence limits, that is not readily interpretable. Positive, statistically significant RR of
roughly similar magnitude are shown at lag days 0 and 4, and for the moving average of
1+2+3+4+5 days. The other lags do not show significant effects. Other results may have been
obtained by other choices.

In summary, this study suggests that PM, ; is associated with moderately elevated risks of
cardiovascular mortality, and total mortality, to an extent that cannot be attributed to the gaseous
pollutants O, and NO,. The effects of CO and other co-pollutants remains to be evaluated. The
lag structure may have been chosen to maximize the PM, ; effect and other forms might be

worthy of investigation.
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Figure 6-5. Relative risk of total mortality from PM, ; in southwest Mexico City as a
function of PM lag or moving average, with 95% confidence limits.

Source: Borja-Abuto et al. (1998).

Loomis et al. (1999) Infant Mortality in Southwest Mexico City, Mexico

This study parallels that of Borja-Abuto et al. (1998) for mortality in children less than one
year of age. The results are shown in Table 6-55, for a PM, ; moving average of 3+4+5 days
(largest effect), with co-pollutants O, (average 2+3 d) and NO, (average 3+4+5 d). We will
examine the choices of lag structures later. The authors reported results of single-pollutant
models, and all 2- and 3-pollutant models with PM, ..

The PM, , relative risk is statistically very significant with no co-pollutants, but is
somewhat attenuated by including O, (still significant), NO,, and both NO, and O, (marginally
significant) as co-pollutants. Neither of the gaseous pollutants is a significant predictor of infant
mortality when PM, ; is included as a co-pollutant. The results are only moderately robust to the

inclusion of gaseous co-pollutants.
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TABLE 6-55. SENSITIVITY OF PM RELATIVE RISK ESTIMATE FOR INFANT
MORTALITY TO CO-POLLUTANT MODELS (LOOMIS ET AL., 1999, TABLE 5)
PM INDEX: PM, s, mean of lag days 3+4+5
SITE: Southwest Mexico City, Mexico

PM, ; Relative Risk
(25 pg/m3, mean of lag days 3+4+5) t-statistics for RR
RR LCL UCL PM O, NO, SO, CoO
1.181 1.063 1.306 32
1.163 1.034 1.302 2.6 0.8
1.154 0.981 1.345 1.8 0.4
1.165 0.987 1.362 1.9 0.8 0.1

1.7

2.5

Note: PM, , mean of lags 3, 4, 5 days; O,, mean of lags 2 and 3 days; NO ,, mean of lags 3, 4, 5 days.

The time lags and moving averages selected are somewhat atypical. The authors present
information on risk estimates at various lags. Figure 6-6 shows a pattern of relative risks, with
confidence limits, that is reasonably interpretable. Positive, statistically significant RR are
shown for the 7 moving averages on the right side, ranging from single days (lags 3, 4, 5) up to
2+3+4+5 days. The other lags do not show significant effects. The two best choices are
averages of 3+4+5 and 2+3+4+5 days. These findings are reasonably consistent with the

long-delayed effects in the total mortality study of Borja-Abuto et al. (1998).

Summary: Sensitivity of PM, ; Effect Estimates to Inclusion of Gaseous Co-Pollutants

The findings of this discussion are shown in Table 6-56. It is often the case that inclusion
of gaseous co-pollutants attenuates the estimated PM, ; effect size and statistical significance, but
the attenuation is occasionally modest or negligible, and the effect remains statistically
significant. Examples include: Hospital admissions for respiratory infection (Burnett et al.,
1999); total mortality (Burnett et al., 1998; Fairley, 1999); total mortality, age > 65 mortality and
cardiovascular mortality (Borja-Abuto et al., 1998); and marginally, infant mortality (Loomis

etal., 1999).
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Figure 6-6. Relative risk of infant mortality from PM, ; in southwest Mexico City as a
function of PM lag or moving average, with 95 percent confidence limits.

Source: Loomis et al. (1999).

These form a body of evidence that the effects are moderately robust to the inclusion of certain
co-pollutants. This evidence applies to 5 or 6 of 16 independent endpoints in the 6 studies.
However, the biological meaning of the 6 significant or marginally significant robust PM,
effects is limited by two factors: (1) differences in the gaseous co-pollutants used as covariates
across the studies, and (2) differences in PM,  and co-pollutant averages used as predictors of
effects. The multipollutant model used in (Burnett et al., 1997) includes O,, NO,, and SO,,
whereas only CO is used as a co-pollutant for PM,  in Burnett et al. (1998). All four co-
pollutants are considered in Burnett et al. (1999), but different models are reported for different

endpoints, some with different moving average lags as well. Fairley (1999) evaluates many
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TABLE 6-56. EFFECTS OF INCLUDING ONE OR MORE GASEOUS CO-POLLUTANTS ON PM, ; RELATIVE RISK
ESTIMATES FOR HOSPITAL ADMISSIONS AND MORTALITY IN TORONTO, SANTA CLARA COUNTY,

AND SOUTHWEST MEXICO CITY

With 2+ Gaseous Co-Pollutants

PM, ; only With 1 Gaseous Co-Pollutant
Avg. lag d.
Study End-point for PM, t RR min. t RR Co-Poll. t RR Co-Poll.
Burnett et al. (1997) Respiratory Admission 1+2+3+4 33 1.086 1.0 1.030 NO, -0.1 0.998 NO, 05 SO,
Cardiovasc. 1+2+3+4 1.8 1.072 0.8 1.032 0O, -0.3 0.984 NO,0;, SO,
Admissions
Burnett et al. (1999) Respiratory 0+1+2 6.1 1.108 4.5 1.085 NO, O,
hospital admissions in ~ Infection
Toronto
Asthma 0+1+2 32 1.064 0.8 1.027 0, S0, CO
Obstructive Lung Dis. 1+2 1.9 1.048 1.3 1.031 0, CO
Heart failure 0+1+2 32 1.066 0.6 1.019 NO, CO
Ischemic Heart Dis. 0+1+2 6.1 1.080 1.3 1.031 NO, SO,
Dysrhythmia 0 2.9 1.061 1.5 1.048 0,CO
Burnett et al. (1998) Total mortality 0+1 6.0 1.048 3.5 1.030 CcO
Fairley (1999) Santa Total mortality 0 33 1.085 3.1 1.097 CcO 34 1.117 CONO, O,
Clara County
Borja-Abuto et al. Total mortality 4 2.3 1.034 1.8 1.034 NO, 2.3 1.043 NO, O,
(1998) Mexico City
Age> 65 mortality 4 2.0 1.040 1.8 1.046 NO, 23 1.058 NO, O,
Respiratory mortality 4 1.4 1.064 0.9 1.051 NO, 0.7 1.043 NO, O,
Cardiovasc. Mortality 4 2.0 1.056 0.7 1.043 NO, 2.4 1.088 NO, O,
Other mortality 4 1.0 1.020 0.7 1.018 NO, 0.9 1.022 NO, O,
Loomis et al. (1999) Infant mortality 3+4+5 32 1.181 1.8 1.154 NO, 1.9 1.165 NO, O,

Mexico City

Note: t-statistics > 1.96 are generally taken as statistically significant.
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co-pollutants, including a model with CO, NO,, and O,. The Mexico City analyses (Borja-Abuto
et al., 1998; Loomis et al., 1999) use only NO, and O, as co-pollutants, and all include longer
lags (4 d and 3+4+5 d) than the Toronto analyses (0+1 d, 0+1+2 d). Thus, the evidence suggests
that there may be adverse health effects associated with PM, s, but does not suggest that a single

mechanism or time structure applies to all locations.

6.4.6.3 Factors and Components Including PM

Many of the concerns about attribution of health effects to ambient is that ambient PM is
closely associated with co-pollutants and weather, an intrinsic causal association for which
standard epidemiologic methods of covariate adjustment may not be adequate. Certain sources
produce PM of specific size or composition, as well as gaseous pollutants. Weather affects
ambient concentrations of particles and gases, affects the rate of formation of secondary particle
components, and may affect human exposure patterns. Several new approaches have been
developed that directly confront these issues: (1) construct common factors involving PM,
co-pollutants, and weather variables, and use these common factors as nominal predictors of
health effects; (2) Use elemental or other compositional components of PM as markers of sources
from which the PM was derived. Both approaches are potentially useful.

The first approach is illustrated by a study of daily mortality in Toronto, Canada, carried
out by Ozkaynak et al. (1996). Factor analysis methods were applied to construct composite
indicators as linear combinations of relative humidity, temperature, CoH, TSP, SO,, CO, NO,,
and maximum O,. Results are given in Sec. 6.3.3. Relationships between total and
cardiovascular mortality were much stronger for composite factors 1, 4, and 5 than the
relationships for individual components. Factor 1 was interpreted as an automobile factor,
Factor 4 as a TSP factor, Factor 5 as a Temperature factor. Interestingly, Factor 3 (Ozone)
predicted excess total mortality, but not cardiovascular mortality. Factor 1 involved mainly CoH
and NO,, with lesser weights on CO, TSP and SO,. The method used by Ozkaynak et al. (1996)
produced plausible and interpretable combinations of the original variables.

An alternative method is described briefly by Laden et al. (1999) in an abstract. This
method uses elemental components of PM, 5 and a priori characterizations of sources by

elemental profiles to estimate the contributions attributable to “crustal” materials (Al and Si), and
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so on. Laden et al. (1999) found that little excess mortality in the Harvard Six Cities could be
attributed to the “crustal” component of PM, ..

The preliminary findings of these methods suggest possible direction for improved
characterization of ambient PM components with differential toxicity, whether defined by size,
source, or composition. The Ozkaynak et al. (1996) approach uses components of air pollution
and weather. The approach of Laden et al. (1999) uses elemental components of PM, ;. The
findings of Laden et al. (1999) are also discussed in Section 8.4.

These methods may also be advantageous in comparing results across cities, using factors.
The correlations between air pollutants may differ substantially from one city to another.
Therefore, cross-city comparisons using only two pollutant correlations at a time, such as in the
Schwartz (1999a) eight-cities assessment, may not adequately characterize effects such as
hospital admissions or mortality in multi-pollutant models. Comparisons of factors from
different cities’ correlation matrix or covariance matrix decompositions may provide useful

information, particularly if site-specific source profiles are appropriate.

6.4.6.4 Chemical Components of PM, ; and PM,,

The new studies continue to identify sulfates (and presumably acidity) as predictive of
adverse health effects in some cases, such as SO, in the Burnett et al. (1998) and Fairley (1999)
time-series mortality studies, and not predictive in other situations, such as SO, in Abbey et al.
(1999). It is possible that sulfate acidity is a major factor in causing health effects under certain
conditions, but not always. The conditions under which adverse effects occur may require
conditions external to PM (such as weather or co-pollutant concentrations), or conditions specific
to the particles (size range, concentration of transition metals, organic carbon, and so on).

The study by Fairley et al. (1999) also finds a strong effect of PM, nitrates on mortality.
The nitrates may also occur in coarse particles, but PM,, s was not predictive of mortality,
whereas the PM, 5 and NO, effects were of approximately equal strength in predicting mortality.
This suggests nitrate acidity in PM, ; may be an important factor in locations such as Santa Clara
County, where SO, and sulfate levels are very low, NO, and nitrate levels relatively high.
Toxicology studies of PM with high nitrate acidity would clarify this question.

There is increasing interest in evaluating the effects of iron or other transition metals

associated with PM. There are few epidemiology studies in which ambient metal concentrations
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are used explicitly as predictors of health endpoints. Dusseldorp et al. (1994) identified adverse
effects associated with Fe. Other studies in progress will evaluate human health endpoints in
relation to metals. This is of particular interest in locations such the Utah Valley, where the
major point source of particle emissions was a steel mill, and in other metal processing
communities. The question then arises as the effects of different physical and chemical types of
particles, including mixtures of metal, metals and acids, and mineral matrix embedding of metals
within particles.

There is also important new epidemiology evidence that certain types of particles may be
much less toxic than other types of particles. Papers by Schwartz et al. (1999), Pope et al.
(1999b), Ostro et al. (1999), and Laden et al. (1999) all suggest that particles of crustal or
geological origin may be much less toxic than other particles more typical of urban combustion
products. These ambient concentrations of crustal particles are particularly high in the coarse
PM,,, s fraction during wind-blown dust episodes, and may even be a major component of PM, s
in the “intermodal” PM,  , , fraction during such episodes. Under these conditions, the
concentration of ambient particles in a certain size class may not be a unique indicator of risk.
While high concentrations of acid sulfates, metals, and other potentially toxic components of
PM, ; in eastern U.S. cities are presumed to be a health risk, high concentrations of fine particles
may cause fewer or less serious health effects under other conditions. It is not possible at this
time to provide a general definition of the conditions under which crustal particles are not

harmful to human health, and non-crustal particles from different sources are harmful to health.

6.4.7 Effects of Exposure Estimation and Model Specification Errors in
Epidemiology Studies

The interpretation of statistical associations between ambient PM and adverse health effects
reviewed in Sections 6.2 and 6.3 depends on the appropriate attribution of effects to ambient PM
exposures and to other environmental factors. Some questions have been raised about the
adequacy of the air pollution concentration measurements to carry; this inferential burden. It is
known that the measurements of ambient air pollution may have instrumental errors, spatial
variability, and temporal uncertainties that affect statistical and causal inferences. Individual
variation in personal exposure to ambient PM provide a different kind of “error”. These are

called “measurement errors”, and include a wide variety of issues that are discussed in this
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section. Incorrect specification of the statistical model also constitutes a “characterization error”,
and the combination of measurement errors and characterization errors may be important.

A number of authors have raised questions about the effects of mis-specification of the
statistical models used in various epidemiology studies. We discuss several of these issues here,
with regard to particular aspects of the data analyses in the studies. The modeling failures most
often cited as relevant to daily time series or prospective cohort epidemiology studies are:

(1) PM indicators and indicators of other air pollutants measured at a central monitor, do not
adequately characterize the exposure of the population, or of individuals in the study group

(2) important covariates are not included in the model, or are replaced by error-prone surrogates;
(3) the functional relationship of the exposure-response (ER) function or the distributional

model is incorrectly specified.

6.4.7.1 Measurement Errors in Air Pollution Exposure Surrogates: General Issues

The term “measurement error” has been applied to a number of distinct concepts, and it is
useful to distinguish several kinds of “error” to which the term might apply: (a) analytical or
instrument errors, apart from exposure imputation; (b) spatial errors arising from assignment of a
measurement at a stationary air monitor (SAM) as an index of exposure to ambient air pollution
among all members of the population; (c) assignment of a time- averaged value to an individual
who is exposed to ambient air pollution over a space-time variable range; (d) assignment of the
same air pollution exposure index to individuals with different patterns of biological and
behavioral intake of ambient air. The differences are sketched in Figure 6-7. The first error
(Figure 6-7a) is that two so-called “identical” instruments (denoted A and A’) located at the same
place (“collocated”) will almost surely give different values of the ambient air pollution
concentration over any given time interval. Instruments that use different measurement
techniques or methodologies are expected to show systematic as well as random differences.
A different form of exposure measurement error is suggested in Figure 6-7b. Here we show
measurements at different locations (A, B, C, D) in a hypothetical region, along with
concentration isopleths to suggest spatial differences at various locations. Any combination of
these measurements to produce a single regional value introduces an error in the spatial
interpolation of the pollutant concentration field to a given point, for example, to the average

ambient concentration at the subject’s residence (denoted PR). Figure 6-7c suggests an even
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Figure 6-7. Ambient PM concentration isopleths and monitoring sites in a hypothetical
urban area. Figure (a): two colocated monitors. Figure (b): Four regional
monitors. Figure (c): personal exposure trajectory of a subject with a
residence at PR and a moving personal exposure monitor PEM.
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more complicated and realistic situation, in which both the individual and the spatial
concentration move over time so that a hypothetical personal monitor (denoted PEM) on the
individual would measure a space-and-time-weighted exposure averaged concentration. We do
not show an example of (d), in which two otherwise hypothetical individuals with different levels
of physical activity might inhale different amounts of pollutants, even if they had the same
space-time trajectory as PEM.

The statistical consequences of using imprecisely measured indicators of air pollution
exposure have long been known. Suppose that X is the true individual exposure to pollution of
ambient origin, measured without error (a) along trajectory PEM. However, this is not observed,
and cannot be observed with perfect accuracy. All that is observed is an error-prone surrogate
measurement denoted W. W could be any of: the central monitor A; the average M over several
sites (for example, M = (A + B + C + D)/4 ); the residential monitor PR; or the personal monitor
PEM. Each choice induces a different statistical model for an observed outcome.

Since X can’t be measured accurately, all we have is a surrogate measurement W, where W
is one of the observed values A, M, PR, or PEM. No hospital admissions or mortality studies
have used PEM. Classical measurement error models have assumed that the measurement error
in X (denoted U) is additive and normally distributed, so that W = X + U. Type (a) errors might
be of this form, although a more complicated structure such as a combination of additive or
multiplicative errors with unequal variance seems more likely. Studies in progress should soon
clarify the nature and distribution of these errors.

The exposure measurement errors of type (b) or type (c) have a different statistical
structure. The true exposure X is not observed. However, all individuals are assigned the same
value W (again, A or M). The linear error model in this case is defined by X = W + U. This is

sometimes called Berkson error structure. Both Berkson and classical errors may be present.

6.4.7.2 New Theoretical Assessments of Consequences of Measurement Error

Since the 1996 PM AQCD (U.S. Environmental Protection Agency, 1996) there have been
some advances in the conceptual framework to investigate the effects of measurement error on
PM health effects estimated in time-series studies. These studies evaluated the extent of bias
caused by measurement errors under a number of scenarios with various error variances and

covariance structure between co-pollutants.
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Zidek et al. (1996) investigated the joint effects of multicollinearity and measurement error
in Poisson regression models with two covariates, through simulations over error size and
correlation. Their error model was of classical error form (W=X+U where W and X are
surrogate and true measurements, respectively, and the error U is normally distributed). The
results illustrated the transfer of effects from the “causal” variable to the confounder. However,
for the confounder to have larger coefficients than the true predictor, the correlation between the
two covariates had to be large (r = 0.9), with moderate error (o > 0.5 ) for the true predictor, and
no error for the confounder in their scenarios. The transfer-of-causality effect was mitigated
when the confounder also became subject to error. Another interesting finding that Zidek et al.
reported is the behavior of the standard errors of these coefficients: (1) when the correlation
between the covariates are high (r = 0.9), and both covariates have no error, the standard errors
for both coefficients were inflated by factor of 2; (2) however, this phenomenon disappeared
when the confounder had error. Thus, the multicollinearity influences the significance of the
coefficient of the causal variable only when the confounder is accurately measured.

Zeger et al. (1999) illustrated the implication of the classical error model and the Berkson
error model in the context of time-series study design. Their simulation of the classical error
model with two predictors, with various combination of error variance and correlation between
the predictors/error terms, showed results similar to those reported by Zidek et al. (1996). Most
notably, for the transfer of the effects of one variable to the other (i.e., error-induced
confounding) to be large, the two predictors or their errors need to be substantially correlated.
Also, for the spurious association of a null predictor to be more significant than the true
predictor, their measurement errors have to be extremely negatively correlated. Zeger et al. also
laid out a comprehensive framework for evaluating the effects of exposure measurement error on
estimates of air pollution mortality relative risks in time-series studies. The error, the difference
between personal exposure and the central station’s measurement z, was decomposed into three
components: (1) the error due to having aggregate rather than individual exposure; (2) the
difference between the average personal exposure and the true ambient level; and, (3) the
difference between the true and measured ambient level. By aggregating individual risks to
obtain expected number of deaths, they showed that the first component of error (the aggregate
rather than individual, or, the Berkson error) is not a significant contributor to bias in the

estimated risk. The second error component is a classical error and can introduce bias if there are
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short-term associations between indoor source contributions and ambient levels. The third error
component is also of the classical error type, and includes spatial and instrumental error. Using
this framework, the investigators then used PTEAM Riverside, CA data to estimate the second
error component and its influence on estimated risks. The correlation between the average
population PM,, exposure and the ambient PM,, level was estimated to be 0.58. By simulating
the average personal exposure from the measured ambient PM,, levels using this relationship,
they compared the estimated mortality relative risks in a log-linear model for the measured
ambient PM,, data and the simulated average population PM,, exposure for Riverside, CA,
during the period 1987-1994. They found that the relative risk (1.20% per 10 pg/m’ increase in
PM,, 95% CI: -0.38 - 2.77%) estimated using the simulated population average exposure was
larger but less precise than the relative risk (0.78%; 95% CI: -0.17 - 1.75%) estimated using the
ambient data.

Zeger et al., in the analyses described above, also suggested that the error due to the
difference between the average personal exposure and the ambient level (the second type
described above) are likely the largest source of bias in estimated relative risk. This suggestion
at least partly comes from the comparison of PTEAM data and site-to-site correlation (the third
type of error described above) for PM,, and O, in 8 US cities. While PM,, and O, both showed
relatively high site-to-site correlation (~0.6-0.9), we do not necessarily expect similar extent of
site-to-site correlation for other pollutants. Ito et al. (1998) estimated site-to-site correlation
(after adjusted for seasonal cycles) for PM,,, O,, SO,, NO,, CO, temperature, dewpoint
temperature, and relative humidity using multiple stations’ data from seven Central and eastern
states (IL, IN, MI, OH, PA, WV, WI), and found that, in a geographic scale of less 100 miles,
these variables could be categorized into three groups in terms of the extent of correlation:

(1) weather variables (r > 0.9); (2) O,, PM,,, NO, (r: 0.6 - 0.8); CO and SO, (r <0.5). These
results suggest that the contribution from the third component of error as described in Zeger et al.
would vary among pollution and weather variables. Furthermore, the contribution from the
second component of error would also vary among pollutants, as the contributions from indoor
sources are expected to be different for each pollutants. Thus, more data on personal exposures
for multiple pollutants is needed in order to assess the effects of these errors. Some of the

ongoing exposure studies are expected to shed some light on this issue.
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With regard to the PM exposure, the longitudinal part of the PTEAM data discussed above,
as well as other studies (e.g., Tamura et al., 1996) show reasonable correlation (r = 0.6 - 0.9)
between ambient and average population PM exposure, lending support for the use of ambient
data as a surrogate for personal exposure to outdoor PM in time-series mortality or morbidity
studies, under conditions similar to these non-smoking Japanese households. Furthermore, fine
particles are expected to show even better correlation. Wilson and Suh (1997) examined site-to-
site correlation of PM,,, PM, 5, and PM,, 5 in Philadelphia and St. Louis, and found that site-to-
site correlations for PM, s were high (r ~0.9) , but low for PM,, 5 (r ~ 0.4), indicating that fine
particles have smaller errors in representing community-wide exposures. This finding supports
Lipfert and Wyzga's (1997) speculation that the stronger mortality associations for fine particles
than coarse particles found in Schwartz et al.’s (1996) study may be due to larger measurement
error for coarse particles.

However, as Lipfert and Wyzga (1997) suggested, the issue is not whether the fine particle
association with mortality is a “false positive”, but rather, whether the weaker mortality
association with coarse particles is a “false negative”. Carrothers and Evans (1999) also
investigated the joint effects of correlation and relative error, but they specifically addressed the
issue of fine (FP) versus coarse particle (CP) effects, by assuming three levels of relative toxicity
of fine versus coarse particles (Bg / Bep = 1, 3, and 10), and then evaluating the bias, (B = {E[p]
I E[Be1} / {Br/ Be}, as a function of FP-CP correlation and relative error associated with FP and
CP. Their results indicate: (1) if the FP and CP have the same toxicity, there is no bias (i.e.,
B=1) as long as FP and CP are measured with equal precision, but, if, for example, FP is
measured more precisely than CP, then FP will appear to be more toxic than CP (i.e, B> 1);

(2) when FP is more toxic than CP (i.e., B / Bep = 3 and 10), however, the equal precision of
FP and CP results in downward bias of FP (B < 1), implying an relative overestimation of the
less toxic CP. That is, to achieve non-bias, FP must be measured more precisely than CP, even
more so as the correlation between FP and CP increases. They also applied this model to real
data from the Harvard Six-Cities Study, in particular, the data from Boston and Knoxville.
Estimation of spatial variability for Boston was based on an external data, and a range of spatial
variability for Knoxville (since there was no spatial data available for this city). For Boston
(where estimated FP-CP correlation was low (r = 0.28), estimated error was smaller for FP than

for CP (0.85 versus 0.65, as correlation between true versus error-added series), and the observed
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FP to CP coefficient ratio was high (11)), the calculated FP to CP coefficient ratio was even
larger (26), providing evidence against the hypothesis that FP is absorbing some of the
coefficient of CP. For Knoxville, where FP-CP correlation was moderate (0.54), the error for FP
was smaller than for CP (0.9 versus 0.75), and the observed FP to CP coefficient ratio was 1.4),
the calculated true FP to CP coefficient ratio was smaller (0.9) than the observed value,
indicating that the coefficient was overestimated for the better-measured FP, while the coefficient
was underestimated for the worse-measured CP. Since the amount (and the direction) of bias
depended on several variables (i.e., correlation between FP and CP; the relative error for FP and
CP; and, the underlying true ratio of the FP toxicity to CP toxicity), the authors concluded “...for
instance, it is inadequate to state that differences in measurement error among fine and coarse
particles will lead to false negative findings for coarse particles”.

Fung and Krewski (1999) conducted a simulation study of measurement error adjustment
methods for Poisson models, using scenarios similar to those used in the simulation studies that
investigated implication of joint effects of correlated covariates with measurement error. The
measurement error adjustment methods employed in this analysis were Regression Calibration
(RCAL) method (Carroll et al., 1995) and Simulation Extrapolation (SIMEX) method (Cook and
Stefanski, 1995). The RCAL algorithm consists of: (1) estimation of the regression of X on W
(observed version of X, with error) and Z (covariate without error); (2) replacement of X by its
estimate from (1), and conducting the standard analysis (i.e., regression); and (3) adjustment of
the resulting standard error of coefficient to account for the calibration modeling. SIMEX
algorithm consists of: (1) addition of successively larger amount of error to the original data;

(2) obtaining naive regression coefficients for each of the error added data sets; and, (3) back
extrapolation of the obtained coefficients to the error-free case using a quadratic or other
function. Fung and Krewski examined the cases for : (1) By = 0.25; B,=0.25; (2) Bx=0.0;
B,=0.25; (3) Bx = 0.25; B, = 0.0, all with varying level of correlation (-0.8 to 0.8) with and
without classical additive error, and also considering Berkson type error. The behaviors of naive
estimates were essentially similar to other simulation studies. In most cases with the classical
error, RCAL performed better than SIMEX (which performed comparably when X-Z correlation
was small), recovering underlying coefficients. In the presence of Berkson type error, however,
even RCAL did not recover the underlying coefficients when X-Z correlation was large (> 0.5).

This is the first study to examine the performance of available error adjustment methods that can
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be applied to time-series Poisson regression. The authors recommend RCAL over SIMEX.
Possible reasons why RCAL performed better than SIMEX in these scenarios were not discussed,
nor are they clear from the information given in the publication. There has not been a study to
apply these error adjustment methods in real time-series health effects studies. These
methodologies require either replicate measurements or some knowledge on the nature of error
(i.e., distributional properties, correlation, etc.). Since the information regarding the nature of
error is still being collected at this time, it may take some time before applications of these
methods become practical.

Another issue that measurement error may affect is the detection of threshold in time-series
studies. Lipfert and Wyzga (1996) suggested that measurement error may obscure the true shape
of the exposure response curve, and that such error could make the concentration-response curve
to appear linear even when a threshold may exist. Burnett et al. (1999) investigated methods to
detect and estimate threshold levels in time series studies. Based on the realistic range of error
observed from actual Toronto pollution data (average site-to-site correlation: 0.90 for Os;

0.76 for CoH; 0.69 for TSP; 0.59 for SO,; 0.58 for NO,; and 0.44 for CO), pollution levels were
generated with multiplicative error for six levels of exposure error (1.0, 0.9, 0.8, 0.72, 0.6, 0.4,
site-to-si